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Automated High Throughput 
Leak Analysis System
A unique dedicated system for leak analysis of sealed packages such as lithium 

ion batteries, pouch cells and cylinders. 

Differential Electrochemical 
Mass Spectrometry
Systems for in-situ dissolved and headspace gas analysis in electrochemistry.  A 

range of cells and standard inlet options are available, offering both evolved off-

gas and dissolved species analysis solutions

Plasma Characterisation
Fully characterise a range of plasmas, including RF, DC, ECR and pulsed plasmas, 

including plasma ions, neutral and radical species. 

Instruments for
Advanced Science
Mass spectrometers for vacuum, gas, plasma and surface science

www.HidenAnalytical.comW E info@hiden.co.uk

www.hidenanalytical.com
info@hiden.co.uk



Scientific Instruments for Radiocarbon Dating 
and Accelerator Mass Spectrometry

The most compact 14C-AMS 

system in the world. 

The world’s most innovative 

multi-isotope AMS system.

Highest precision and lowest backgrounds – get the best performance 
with the world’s most compact radiocarbon AMS system and our versatile 
sample preparation instruments.

From 10Be to actinides – our newly designed MILEA system provides 
outstanding measurement capabilities for 10Be, 14C, 26Al, 41Ca, 129I, U, Pu 
and other actinides at lowest energies.
Contact us to learn more about the exciting possibilities with MILEA.

www.ionplus.ch   .   info@ionplus.ch   .   T +41 43 322 31 60Dedicated to excellence.

MILEA Multi-Isotope Low-Energy AMS

MICADAS Mini Carbon Dating System



Partner with the experts  
in advanced Silicon Drift Detectors 
Science at the speed of light
With over 40 years’ experience in XRF-detector R&D and manufacturing, Hitachi High-Tech 
detector products are used worldwide. Proven reliability and radiation hardness, low power 
consumption and competitive pricing make Hitachi detectors the complete package. From at 
our production facilities in the USA and Finland, our teams offer flexibly scalable manufacturing 
capabilities and agile R&D to deliver the custom solutions to your requirements.

Now, our expanded detector product range includes the SAANA as well as the Vortex SDD; 
offering a wider choice of designs, fully customizable to your needs:

SAANA TO8SAANA SDD VORTEX ME-7 SDD

Find out more about partnering with Hitachi for your detector supply:

Hitachi High-Tech Science America, Inc.
20770 Nordhoff St. Chatsworth, CA 91311
www.hitachi-hightech.com/hhs-us/
Email: del.redfern@hitachi-hightech.com; Call: +44 747 1086 241

 SAANA SDD  Vortex SDD
Resolution <140 eV  <140 eV
Sensor Thickness  1.0 mm  0.5, 1.0 and 2.0 mm
Sensor sizes  50 mm2 50 to 100mm2
Input Count rates 2000 Kcps  >5,000 Kcps 



HIGH VOLTAGE ENGINEERING EUROPA B.V. 
The Largest and Most Diverse Designer and Manufacturer of 
Electrostatic Particle Accelerators for Scientific and Industrial 
Applications 
 

 

Ion Accelerators 
 Air-insulated Ion Accelerators with TV up to 500 kV 
 SF6-insulated Singletron Single-ended Ion Accelerators with TV up to 6.0 MV 
 SF6-insulated Tandetron Tandem Ion Accelerators with TV up to 6.0 MV 
 Vacuum-insulated Tandem Ion Accelerators with TV up to 300 kV 
 

Electron Accelerators 
 Singletron Electron Accelerators with TV up to 6.0 MV/TV 
 

Ion Implanters 
 Beam energies 10 - 60 MeV and higher 
 Beam powers up to 25 kW 
 

Ion Beam Analysis Systems 
 Rutherford Backscattering Spectroscopy (RBS) 
 Particle Induced X-ray Emission  (PIXE) 
 Particle Induced Gamma-ray Emission (PIGE) 
 Nuclear Reaction Analysis   (NRA) 
 Elastic Recoil Detection   (ERD) 
 Medium Energy Ionscattering Spectroscopy (MEIS) 
 

Accelerator Mass Spectrometers 
Vacuum-insulated Tandem and SF6-insulated Tandetron based Systems for the 
measurement of 3H, 10Be, 14C, 26Al, 36Cl, 41Ca, 129I and actinides for application in 
 Archeology  
 Oceanography 
 Geosciences  
 Material sciences 
 Biomedicine 
 Etc. 
 

Ion Microbeam Systems 
 Tandetron and Singletron based Systems 
 

Neutron Generator Systems 
 Air-insulated, Tandetron and Singletron based DC and Pulsed-beam Systems 
 

Components 
Ion and Electron Accelerator Tubes, Ion and Electron Sources,  
Beam Handling & Monitoring Equipment, Etc. 
 
 

          

MORE    High Voltage Engineering Europa B.V. 
ENERGY  P.O. Box 99, 3800 AB Amersfoort, The Netherlands 

FOR   Phone: +31-33-4619741. Fax +31-33-4615291 

RESEARCH  info@highvolteng.com   www.highvolteng.com 

mailto:info@highvolteng.com




www.ionoptika.com

Water Cluster Technology
with the J105 SIMS

A breakthrough in cluster beam technology, Ionoptika’s new Water Cluster technology 
delivers even greater sensitivity to intact molecular species. Available exclusively on 
the J105 SIMS, the Water Cluster source gives you the power to see analytes that no 
other ToF SIMS can see. For more information visit www.ionoptika.com/j105-sims.

• Increases secondary ion yield by up to 500x compared with Ar clusters.

• Image low abundance analtyes with unprecedented clarity at resolutions down to 
1.5 µm.

• Large clusters reduce fragmentation and surface damage.

The highest sensitivity ToF SIMS for biological 
and organic analysis

For Research use only. Not for use in medical diagnosis procedures.



Advanced Ion Beam Technology for Surface Analysis

Superior SIMS Performance

The M6 is the latest generation of 
high-end TOF-SIMS instruments 
developed by IONTOF. Its design 
guarantees superior performance in 
all fields of SIMS applications.

TOF-SIMS and SPM in situ

The M6 Plus is the tool for nano 
characterisation. Combining 
high-end performance SIMS and 
SPM, true in situ 3D chemical 
imaging becomes possible.

High-end Mass Spectrometry

With the new Q ExactiveTM 
extension, IONTOF introduces the 
first commercial SIMS instrument 
combining highest mass resolution 
and mass accuracy with high 
resolution cluster SIMS imaging.

Field proven and efficient

With the TOF.SIMS 5 IONTOF offers 
a field proven and efficient 
TOF-SIMS tool which outperforms 
most of its competitors. Its design 
guarantees optimum performance in 
all fields of SIMS applications.

Top Atomic Layer Analysis

The Qtac is a high sensitivity low 
energy ion scattering (LEIS) 
instrument. It is extremely surface 
sensitive, providing elemental 
characterisation of the top atomic 
layer.

Vacuum SPM Technology

The VLS-80 is a high vacuum 
scanning probe microscope 
developed by NanoScan. Its Dual-PLL 
MFM mode allows straight forward 
real-world sample magnetic
domain characterisation.

M6 M6 Plus M6 Hybrid SIMS

TOF.SIMS 5 Qtac VLS-80

Heisenbergstraße 15
48149 Münster
Germany

Phone
Email
Internet

+49 251 1622-100
sales@iontof.com
www.iontof.com

www.iontof.com/m6
www.iontof.com/m6plus
www.iontof.com/m6hybrid
www.iontof.com/tofsims5
www.iontof.com/qtac
www.iontof.com/vls80
www.iontof.com
mailto:sales@iontof.com
http://www.iontof.com


Performance of OM systems: 

OM2000 Oxford triplet endstation:

300 x 450 nm at 50pA  (2MeV protons).
900 x 900 nm at 1 nA (2.5MeV protons)

Oxford triplet configuration of OM-52 lenses: 
Spot sizes of 20 x 25nm have been achieved for low 
current applications, and 20nm high aspect ratio 
structures have been written using proton beam 
writing.

Application areas:
• PIXE and PIXE mapping
• RBS and RBS mapping
• Proton Radiobiology
• MeVSIMS mapping
• Targeted single ion irradiation
• Proton beam writing
• External beams for cultural heritage studies
• Scanning Transmission Ion Microscopy
• Heavy ion microbeams (to 150 Mev.amu/q2)
• Ionoluminescence microscopy
• Elastic Recoil Detection Analysis
• Ion induced secondary electron imaging
• Direct-write Ion Beam implantation and 

patterning of materials
• Channeling Contrast microscopy
• Ion Beam Induced Charge microscopy

Established in 1986, Oxford Microbeams  Ltd is 
the world's leading supplier of high energy ion 
micro-beam equipment and software, with over 
40 systems sold in 5 continents. 

OM is an approved supplier for the 
International Atomic Energy Agency [IAEA].

OM-52 Miniature triplet Vertical lens assembly

Oxford

Microbeams

Ltd. Precision  •  Experience  •  Expertise

www.microbeams.co.uk

High precision magnetic quadrupole lenses
Precision slits  High stability power supplies
Beam scanning systems  Target chambers 

External beam systems  Data acquisition
electronics  Proton beam writing systems  Cell
irradiation systems  High rigidity focusing system
for MeV-SIMS  Fully integrated data acquisition,
processing and control software  Customised
designs

OMDAQ-3 Software package
Data acquisition and control software

Now with interfaces for
• High speed digital pulse processors
• High speed TDC for ToF MeVSIMS applications 

OM2000 endstation

Radiobiology 

Endstation using 

OM post lens 

scan coil and 

Oxford triplet  

(photo courtesy of 

CIBA, Singapore)



X-Ray Spectrometers

Kaon Cryogenics
Sub-Kelvin Systems, 3K-Cryostats, He-sorption, ADR, UHV and Cryogenics combined.
Cryogenics and Detector systems with continuous cooling below 100 mK
Based on small, compact, dry coolers, we integrate micro-calorimeters into our cryostats to 
50 mK for high resolution x-ray spectroscopy. Designed with snouts and x-ray windows, 
the small footprint allows he devices to be flanged onto existing beam lines. The zero dark 
count rate takes full advantage of the low background Bremsstrahlung in PIXE systems 
with the ability to detect very low concentrations. The resolution is high enough to measure 
chemical shifts. 

Kaon Vacuum
Thermal-Vacuum Test Chambers for testing and verification. UHV Chambers for 
experimental and aerospace. Environment-simulation is a cornerstone of testing in the 
aerospace industry. Testing for orbital conditions, extreme situations and life-time are 
highly-important when attempting defining proper benchmarks for aerospace components. 
Pressure-reduced environments, and vacuum chambers where temperatures can be 
varied and cycled from -80°C to +150°C and pressure varied from 1 bar to 1E-7/E-8 mbar 
can be valuable tools for manufacturer responsible for part and system verification. 

Complete x- and ɣ-ray spectrometers with 
unprecedented resolving power. Compact, 
cryogenic infrastructure with novel 
superconducting detector technologies, 
extremely high-resolution, single-photon 
detection with no dark counts, no-noise 
detectors. 
Material analysis on beam-lines with greatly 
enhanced resolution for PIXE applications. 
Specifically aimed at PIXE and e-beam 
applications, material analysis, nuclear 
safety issues including forensics and 
accountability,  environmental monitoring. 
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Monday 11 October 2021 

CEST start 
time 

Author 
local time 

Title 

O1 Forensics & the Environment 

Chair: Claire Pacheco 

09:00 08:00 
Introduction and welcome 
By Roger Webb, University of Surrey, UK 

09:15 10:15 
Lab agnostic workflow for forensic applications in car glass classification Omer 
Kaspi, Bar Ilan University, Israel 

09:30 18:30 
The use of simultaneous IBA techniques to fingerprint Australian bushfire fine 
particle emissions during the 2019-20 black summer event 
David Cohen, Centre for Accelerator Science, ANSTO, Australia 

09:45 08:45 

Imaging of fingerprints using secondary ion mass spectrometry (SIMS), matrix 
assisted laser desorption electrospray (MALDI) and desorption electrospray 
ionization (DESI) 
Catia Costa, University of Surrey, UK 

10:00-12:00 Poster session 1/2: Developments 1 

Invited session 1: Forensics & the Environment 

Chair: Daniel Primetzhofer 

12:00 12:00 
(Invited) Trajectory-dependent electronic excitations at keV ion energies 
Svenja Lohmann, Helmholtz-Zentrum Dresden-Rossendorf e.V. (HZDR), Germany 
and Uppsala University, Sweden 

12:20 12:20 
(Invited) Self-consistent dynamic sputtering- anderosion simulations with SDTrimSP-
3D 
Udo Toussaint, Max Plank Institute, Germany 

12:40 12:40 
(Invited) Beyond FAIRness: transforming IBA data into digital Cultural Heritage 
Objects  
Claire Pacheco, CNRS/Ministère de la Culture, France 

13:00-15:00 Break 
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O2: Forensics and Cultural Heritage 

Chair: Johnny Dias 

15:00 10:00 
Elemental characterization of Brazilian coffee using PIXE and RBS 
Paola Chytry, Universidade Federal do Rio Grande, Brazil 
 

15:15 15:15 
New and emerging nuclear techniques (NT) for the authentication of paintings 
Thomas Calligaro, Centre de Recherche et de restauration des musées de France - 
C2RMF, France 

15:30 14:30 
Codex 99 from Manizola collection: IBA characterization 
Victoria Corregidor, C2TN, Portugal 

15:45 15:45 
Imaging of organic samples with MeV TOF-SIMS capillary microprobe 
Marko Brajkovic, Ruđer Bošković Institute, Croatia 

13:00-15:00 Poster session 3/4: Modelling 

O3: Imaging and MeV SIMS 1 

Chair: Klaus-Ulrich Miltenberger 

18:00 18:00 
MeV-SIMS/SNMS investigation of electronic sputtering under swift heavy ion 
irradiation of solids 
Andreas Wucher, Universitaet Duisburg-Essen, Germany 

18:15 18:15 
4D surface reconstructions from microscale photogrammetry: correlation of 3D 
models with SIMS to study microstructural topography and chemical distribution 
Alexander Ost, Luxembourg Institute of Science and Technology (LIST), Luxemburg 

18:30 18:30 
Versatile applications of a 3d transmission setup using kev ion energies 
Radek Holenak, Uppsala University, Sweden 

18:45 17:45 
Electronic vs. Nuclear sputtering of Coronene 
Lars Breuer, Universitaet Duisburg-Essen, Germany 
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Tuesday 12 October 2021 

CEST start 
time 

Author 
local time 

Title  

O4: Equipment & Methodology 

Chair: Roger Webb 

12:00 16:00 
Development of an integrated RBS/NRA/PIXE facility at Peking University 
Zeqing Shen, Peking University, China 

12:15 19:15 
TOF-SIMS spectrum prediction using machine learning ~Random Forest~ 
Satoka Aoyagi, Seikei University, Japan 

12:30 19:30 
Evaluation of autoencoder parameters for analyzing TOF-SIMS data of three 
polymers  
Masaru Ito, Seikei University, Japan 

12:45 06:45 
Radiolysis effects during in-situ RBS experiments 
Hunter Feltham, Western University, USA 

O5: Biological Applications 

Chair: Melanie Bailey 

13:00 13:00 
Densitometry of wood with in-air STIM 
K.-U. Miltenberger, Laboratory of Ion Beam Physics, ETH Zürich, Switzerland 

13:15 13:15 
Micro-Particle Induced X-ray Emission (-PIXE) measurements of rhesusmacaque 
tissues: Control and Simian Immunodeficiency Virus (SIV) infected subjects 
Harry Whitlow, Uppsala University, Sweden 

13:30 13:30 

Theoretical understanding and supplementing experimental SIMS studies: metallo-
organic terpyridine structures characterization  
Sylwia Kozdra, Łukasiewicz Research Network - Institute of Microelectronics and 
Photonics, Poland 

13:45 06:45 
New Methodology for Accurate Determination of Molecular Co-Localization in Cell 
Membranes at Nano-Scale 
Dmitriy Verkhoturov, Texas A&M University, USA 
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O6: Nano Applications 

Chair: TBC 

14:00 13:00 
A MEIS study of the thermal behaviour of Cu and Au nanoparticles grown on CeO₂ 
thin films on Si(111) 
Rory Megginson, University of St Andrews, UK  

14:15 14:15 
Quantification of hydrogen in nanostructures: A correlative analysis combining TEM, 
SIMS and APT  
Santhana Eswara, Luxembourg Institute of Science and Technology, Luxemburg 

14:30 08:30 
Experimental analysis of surface Debye temperature for epitaxial thin films  
Matheus Adam, Western University, Canada 

14:45 06:45 
Massive cluster SIMS for nanometrology of nanoparticles and their interfaces  
Michael Eller, California State University Northridge, USA 

Invited session 2: Novel Beams 

Chair: Aliz Simon 

15:00 15:00 
(Invited) In-situ and in-operando profiling of light elements in energy materials using 
coincidence techniques  
Vairavel Mathayan, Uppsala University, Sweden 

15:20 15:20 
(Invited) Ion beam analysis with nanometer beams 
Gregor Hlawacek, Helmholtz-Zentrum Dresden-Rossendorf, Germany 

15:40 15:40 
(Invited) Investigating the Sputtering of Planetary Surfaces 
Paul Szabo, Technische Universität Wien, Austria 

16:00-19:00 Break  

O7: Equipment developments 

Chair: Harry Whitlow 

19:00 19:00 
The prototyping of a high-resolution neutron activation analysis system based on a 
Pelletron accelerator and pneumatic sample transport 
Robert Frost, Lund University, Sweden 

19:15 19:15 
Development of a laser-synchronized ultrashort ion source: towards keV ion pulses 
with picosecond time resolution 
Alexander Golombek, Fakultät für Physik, Universität Duisburg-Essen, Germany 
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19:30 18:30 
XAHRM-Lab,an X-ray Advanced HiREDS Research and Metrology Laboratory 
Miguel A. Reis, C2TN /DECN, IST-Ulisboa, Portugal 

19:45 13:45 
Innovative setup for fundamental studies of plasma-surface interactions by in 
plasma Ion Beam Analysis and Raman Spectroscopy 
Pierre Vinchon, Université de Montréal, Canada 

O8: Software 

Chair: Miguel Reis 

20:00 21:00 
ToF-ERDA analysis and Monte-Carlo simulation of ERD and RBS data: Current status 
of the updated Potku software 
Mikko Laitinen, University of Jyväskylä, Finland 

20:15 20:15 
Simulation of ion scattering spectra using a novel binary collision approximation 
Monte Carlo program 
Hans Hofsäss, Universität Göttingen, Fakultät für Physik, Germany 

20:30 20:30 
Edge dislocations in Ni monocrystalline structure studied by McChasy 2.0 Monte 
Carlo code 
Cyprian Mieszczynski, National Centre for Nuclear Research, Poland 

20:45 05:45 
First Geant4 benchmarking study for Carbon Induced X-ray Emission 
Samer Bakr, University of Wollongong, Australia 

21:00-22:00 Poster Session 5 : Applications 1 
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Wednesday 13 October 2021 

CEST start 
time 

Author 
local time 

Title  

O9: Detectors 

Chair: Mikko Laitinen 

09:00 16:15 
He+ LEIS analysis combined with pulsed jet technique of gas sensing mechanism 
on semiconductor gas sensor surfaces 
Taku Suzuki, National Institute for Materials Science, Japan 

09:15 17:15 
Ion beam testing of advanced functional electonic devices for space technologies 
Zeljko Pastuovic, ANSTO-Centre for Accelerator Science, Australia 

09:30 13:00 
Role of low energy Si ions in charge density phonon mode of TiSe₂ 
Utkalikapriyadarsini Sahoo, NISER, India 

09:45 15:45 
Application of Silicon Drift Detector in PIXE-T System of Fudan University 
Shimei Wang, Fudan University, China 

10:00-12:00 Poster session 6/7: Applications 2 

Invited session 3: Application, Development & Understanding 

Chair: Iva Bogdanović Radović 

12:00 12:00 
(Invited) Using micro-PIXE to resolve questions of mineral nutrition and tolerance in 
plants 
Paula Pongrac, Jožef Stefan Institute, Slovenia 

12:20 12:20 
(Invited) Laser-driven particle sources for the elemental analysis of materials 
Francesco Mirani, Polytechnic University of Milan, Italy 

12:40 06:40 
(Invited) Universal empirical and theoretical fits for an updated compilation of  K x-
ray production cross sections by protons 
Gregory Lapicki, East Carolina University, USA 

13:00-15:00 
PIXE & IBA IAC Meetings (By invitation) and or 

Break 
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O10: Methodology 

Chair: Wataru Kada 

15:00 15:00 
Multivariate analysis of PIXE+XRF and PIXE spectral images 
Iva Bozicevic Mihalic, Rudjer Boskovic Institute, Croatia 

15:15 15:15 
An artificial neural network algorithm for the simultaneous analysis of multi-detector 
RBS depth profiling 
Goele Magchiels, KU Leuven, Belgium

15:30 15:30 
Automated Total micro-IBA using Advanced Image Processing and Machine Learning 
Hicham Khodja, CEA/Saclay, France 

15:45 10:45 
PIXESim: a plugin to MultiSIMNRA that enables PIXE calculations 
Tiago Silva, University of São Paulo, Brazil 

16:00-18:00 Poster session 8/9: Applications 3 

O11: Clusters 

Chair: John Fletcher 

18:00 17:00 
A practical guide to choosing the best Ar gas cluster ion beam for ToF SIMS 
measurements 
Naoko Sano, Ionoptika Ltd, UK 

18:15 18:15 
Experimental study of crater formation under gold cluster ions 
Sabrina Gouasmia Boussahoul, Ruder Boskovic Institute, Croatia 

18:30 11:30 
Cluster SIMS of Solid Surfaces Covered by Graphene: Data on Sputtering and Ion 
Emission via Single Cluster Projectile Impacts  
Stanislav Verkhoturov, Texas A&M University, USA 

18:45 11:45 
Progress Towards the Limits of Molecular Nano-Analysis with Event-by-Event 
Nanoprojectile-Sims 
Emile Schweikert, Texas A&M University, USA 
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Thursday 14 October 2021 

CEST start 
time 

Author 
local time 

Title 

O12: Depth Profiling 

Chair: Jaap Van Den Berg 

12:00 12:00 
Assessing the quality of 3D-printed ALD films by Low Energy Ion Scattering 
Thomas Grehl, IONTOF GmbH, Germany 

12:15 12:15 
Filtering Properties of Epitaxial Boron Nitride 
Adrianna Wójcik, Łukasiewicz Research Network - Institute of Microelectronics and 
Photonics, Poland 

12:30 12:30 

Atomic depth-resolution characterization of MAX and MXenes using ultra-low energy 
secondary ion mass spectrometry 
Paweł Piotr Michałowski, Łukasiewicz Research Network - Institute of 
Microelectronics and Photonics, Poland 

12:45 07:45 

Depth profiling of ion-implanted in 2D and 3D samples by high-energy electron 
scattering 
Henrique Trombini, Universidade Federal de Ciências da Saúde de Porto Alegre, 
Brazil 

O13: Channelling 1 

Chair: Jonathan England 

13:00 13:00 
Lattice Location of Th in CaF₂ Using Ion Channeling: Towards a Nuclear Clock 
Janni Moens, KU LEUVEN, Belgium 

13:15 13:15 
RBS HEDGEHOG – New 680 msr RBS Setup for fastest channeling experiments and 
ultra-high sensitivity measurements 
Nico Klingner, HZDR, Germany 

13:30 13:30 
Ion channelling contrast using transmission keV He+ ions: Quantitative imaging of 
isolated nanoscale crystalline defects 
Santhana Eswara, Luxembourg Institute of Science and Technology, Luxemburg 

13:45 07:45 
Crystallization and properties of SiGeSn alloys fabricated by ion implantation 
Chinenye Ekeruche, The University of Western Ontario, Canada 
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O14: Cross Sections/Straggling 

Chair: Pedro Grande 

14:00 14:00 

Differential Cross–Section Measurements and R–matrix Calculations for Proton 
Elastic Scattering on natMg in the Energy Range Ep=2.45–4.25 MeV, Suitable for 
EBS 
Michael Kokkoris, National Technical University of Athens, Greece 

14:15 13:15 
Semi-empirical and empirical calculation of Kβ/Kα intensity ratios for Low-Z 
Elements 
Assala Hamidani, Mohamed El Bachir El Ibrahimi University, Algeria 

14:30 13:30 
L-shell fluorescence yield for heavy elements with 80≤Z≤96 
Kaouther Meddouh, Mohamed El Bachir El Ibrahimi University, Algeria 

14:45 10:45 
Updated empirical formula for the electronic straggling of protons in matter 
Felipe Ferreira Selau, Universidade Federal do Rio Grande do Sul, Brazil 

Invited session 4: Imaging  

Chair: Nick Lockyer  

15:00 15:00 
(Invited) (GAS)Cluster ion beam SIMS for biological and clinical research 
John Fletcher, Gothemburg University, Sweden 

15:20 14:20 
(Invited) Water Cluster Ion Beams for bio-molecular analysis with SIMS 
Sadia Sheraz, The Rosalind Franklin Institute, UK 

15:40 15:40 
(Invited) Advanced multimodal analytical capabilities on FIB instruments using 
SIMS: new developments, applications and prospects 
Tom Wirtz, Luxembourg Institute of Science and Technology, Luxemburg 

16:00-19:00 Break 

O15: Nuclear Applications 

Chair: Tom Wirtz 

19:00 18:00 
Combined SIMS, RBS, NRA and PIXE analysis of complex structures from fusion 
reactors 
Eduardo Alves, Instituto Superior Tecnico, Portugal 

19:15 11:15 
eXternal Nuclear Reaction Analysis (XNRA) of LiAlO2 pellets Used in the Production 
of Tritium 
Barney Doyle, Sandia University, USA 



 

         

              

               

IBA&PIXE-SIMS 2021 
11-15 October 2021 

19:30 11:30 
(Invited) Continuous Monitoring of Pure Fe Corrosion in Lead-Bismuth Eutectic 
Under Irradiation with Proton-Induced X-ray Emission Spectroscopy 
Yongqiang Wang, Los Alamos National Laboratory, USA 

19:45 14:00 
Determination of stable isotope ratios using nuclear reaction analysis coupled with 
a particle–gamma coincidence method 
Paula Allegro, University of São Paulo, Brazil 

O16: Detectors and Equipment 

Chair: Primoz Pelican 

20:00 20:00 
Study of plasma effects and gain suppression in LGAD detectors using a nuclear 
microprobe 
Adrián García Osuna, Centro Nacional de Aceleradores, Spain 

20:15 15:15 
Aging of micro-patterned gaseous radiation detectors analyzed by ToF-SIMS 
Thiago Badaró Saramela, University of São Paulo, Brazil 

20:30 15:30 
Operating a dual-stage mirror ToF-MeV-SIMS instrument with continuous sources of 
primaryions: Optimization and possibilities 
Igor Alencar, Universidade Federal de Santa Catarina, Brazil 

20:45 20:45 
Simultaneous and Automated RBS Spectra Fitting for Multi Detector Setups by 
Application of an Evolutionary Algorithm 
Rene Heller, Helmholtz-Zentrum Dresden-Rossendorf, Germany 

21:00-22:00 Poster Session 10: Applications 1 
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Friday 15 October 2021 

CEST start 
time 

Author 
local time 

Title  

O17: Imaging and MeV SIMS 2 

Chair: Catia Costa 

09:00 09:00 
Optimization of CNA facilities for imaging purposes 
María de los Ángeles Millán Callado, Universidad de Sevilla (US) - Centro Nacional 
de Aceleradores (CSIC-US-Junta de Andalucía), Spain 

09:15 08:15 
Correlative Imaging of Trace Elements and Intact Molecular Species in a Single 
TissueSample at the 50 Micron Scale 
Melanie Bailey, University of Surrey, UK 

09:30 09:30 
Simultaneously SIMS imaging of organic and inorganic materials using low energy 
MeV ions 
Zdravko Siketic, Ruder Boskovic Institute, Croatia 

09:45 09:45 
SIMS depth profiling of inorganic materials using low energy MeV ions 
Marko Barac, Ruder Boskovic Institute, Croatia 

10:00-12:00 Poster session 11/12: Developments 2 

O18: Channelling 2 

Chair: Ian Vickridge 

12:00 11:00 
β- emission channeling for the lattice location of ion implanted ²⁷Mg in GaN 
Ulrich Wahl, Instituto Superior Técnico, Portugal 

12:15 17:15 
Structure analysis of H in epitaxial TiH2-δ thin film by Channeling ¹⁵N-NRA 
Takahiro Ozawa, The University of Tokyo, Japan 

12:30 12:30 
Damage buildup and recovery in natural apatite: applications in thermochronology 
Dee Jay Cerico, Université Paris-Saclay-CNRS, France 

12:45 12:45 
Direct transition from ultrathin orthorhombic dinickel silicides to epitaxial nickel 
disilicide revealed by in-situ synthesis and analysis 
Tuan Tran, Uppsala University, Sweden 

13:00-15:00 Break 
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O19: Imaging and MeV SIMS 3 

Chair: Zdravko Siketic 

15:00 15:00 
Velocity distribution of sputtered neutrals under swift heavy ion bombardment 
Tobias Heckhoff, Universität Duisburg-Essen, Germany 

15:15 15:15 
Secondary emission mechanisms induced by MeV gold nanoparticles 
Serge Della Negra, CNRS/Université Paris-Saclay, France 

15:30 15:30 
MeV-SIMS mass spectrometry imaging with reflectron mass spectrometer 
Bostjan Jencic, Jozef Stefan Institute, Slovenia 

15:45 15:45 
Calculated energy loss of swift light ions in transition metals: importance of the 
target electronic excitation spectrum 
Rafael Garcia-Molina, Universidad de Murcia, Spain 

O20: Applications 

Chair: Jiro Matsuo 

16:00 22:00 
Effects of irradiation on the microstructure and performance of tritium breeding 
materials 
Qiang Qi, Institute of Plasma Physics, CAS, China 

16:15 16:15 
Hydrogen sorption of yttrium-based thin getter films 
Charlotte Kutyla, C2N, Centre de nanosciences et de nanotechnologies, France 

16:30 16:30 
¹⁴N/¹⁵N Marker Experiments in Austenitic Stainless Steel Using ToF-SIMS for 
Identification of Transport Processes 
Stephan Mändl, Leibniz Institute of Surface Engineering (IOM), Germany 

16:45 16:45 
Quantification and Depth Profiling by NRA and HI-ERDA of Hydrogen Isotopes and 
Plasma Impurity Atoms on First Wall Components from the JET Tokamak 
Laura Dittrich, KTH Royal Institute of Technology, Sweden 
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Poster session 1/2: Developments 1 (Monday 11 October 10:00-12:00 CEST) 

P1 A new basic program for fitting X-ray spectra 

 
Ziga Smit, University of Ljubljana, Slovenia,  

P2 A new method to measure the velocity distribution of sputtered neutral particles 

 
David Theuner, Universität Duisburg-Essen, Germany 

P3 Updated libraries for Geant4 X-ray fluorescence simulation 

 
Samer Bakr, University of Wollongong, Australia 

P4 A low-energy ion implantation set-up at the Tandem Laboratory, Uppsala University 

 
Jila Shams-Latifi, Uppsala University, Sweden 

P5 
Particle orbit optimization in the beam extraction region of a cold cathode PIG negative ion source for 
electrostatic tandem accelerators 

 
Hongfu Liu, Tokyo City University, Japan 

P6 Experimental scattering and recoil yields measured by ToF-ERDA for lowenergy heavy ions 

 
Mikko Kivekäs, University of Jyväskylä, Finland 

P7 
Pre-Measurements of SiOx/Mo/SiO₂/Si for new TOF-ERDA System to be Installed at Surrey Ion 
Beam Centre 

 
Callum McAleese, Surrey Ion Beam Centre, UK 

P8 Analytical Spectrometry Software Environment for Total-IBA, a new data analysis interface 

 
Miguel A. Reis, C2TN /DECN, IST-Ulisboa, Portugal 

P9 DT2Py a DT2 code Python interface, geological samples mapping made easy 

 Miguel A. Reis, C2TN /DECN, IST-Ulisboa, Portugal 

P10 Dual-polarity cluster MeV-SIMS 

 
Klaus-Ulrich Miltenberger, ETH Zurich, Switzerland 

P11 On the problem of surface relief development under gas cluster ion beam depth profiling 

 
Alexei Ieshkin, Lomonosov Moscow State University, Russia 

P61 IAEA-driven ion beam research and development 

 Aliz Simon, International Atomic Energy Agency, Austria  

 

Poster session 3/4: Modelling (Monday 11 October 16:00-18:00 CEST) 

P12 An expert system for improving the quality of IBA simulations by SIMNRA 

 
Matej Mayer, Max-Planck-Institut für Plasmaphysik, Germany 

P13 Silicon Drift Detector response function for high energy X-rays for PIXE spectra fitting 

 
Massimo Chiari, INFN Sezione di Firenze, Italy 

P14 Modelling Ultra Low Energy O₂ SIMS of Si:Ge Delta Layers Using TRI3DYN  

 
Matthew Sharpe, University of Surrey Ion Beam Centre, UK 
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P15 Generation of ultrashort Neq+ ion pulses in the keV energy range: numerical simulations 

 
Pawel Kucharczyk, Universität Duisburg-Essen, Germany 

P16 Energy retention in swift heavy ion irradiated thin graphite films 

 
Damjan Iveković, Ruđer Bosković Institute, Croatia 

P17 
Simulating the nanometric track-structure of carbon ion beams in liquid water at energies relevant for 
hadrontherapy 

 
Pablo de Vera, Fondazione Bruno Kessler, Italy  

P18 Assessing electronic excitations in self-supporting, single crystalline Si and SiC foils by keV ions 

 
Eleni Ntemou, Uppsala University, Sweden 

P19 12C(3He,px)14N cross sections for nuclear reaction analysis at energies up to 6 MeV 

 
Laurin Hess, Max-Planck-Insitut für Plasmaphysik, Germany  

P21 Molecular Dynamics Modelling of Dynamic XPS Cluster Sputtering 

 
Alexander Rubinstein, University of Surrey, UK 

P22 JaBS: Open source simulation and fitting code for RBS 

 
Jaakko Julin, University of Jyväskylä, Finland 

P23 
Potential Ar-Si chemical bond in Si crystalline material amorphised by Ar implantation, Total-IBA data and 
ab initio studies 

 
Miguel A Reis, C2TN /DECN, IST-Ulisboa, Portugal 

P24 Deep Convolutional Neural Networks applied to nuclear microprobe data 

 
Victoria Corregidor,  C2TN /DECN, IST-Ulisboa, Portugal 

P74 
Measurement and simulation of deuterium supersaturation in tungsten surface due to low-energy ion 
irradiation 

 
Cong Li, Fudan University, China 

P81 Four segment Silicon Drift Detector for micro-PIXE covering a solid angle of 1 steradian 

 Primož Pelicon, Jožef Stefan Institute, Slovenia  
 

Poster session 5/10: Modelling (Tuesday 12 and Thursday 14 October 21:00-22:00 CEST) 

P25 Micropatterning of polytetrafluoroethylene (PTFE) by proton beam writing 

 
Deiverti Bauer, UFRGS, Brazil  

P26 
Measurement of X-ray production cross sections for Fe-K, Nb-L, Ru-L, Ce-L and Ta-M lines induced by 
lower-energy (83 keV/amu) C-ion beam 

 
L.d. Yu, Chiang Mai University, Thailand 

P27 Investigating the Cisplatin Molecule Using Ion Beam Analysis Techniques 

 
Henrique Fonteles, Federal University of Rio Grande do Sul, Brazil 

P28 Electron Irradiation Effects on the Formation and Decomposition of Au and Ag Structures 

 
Bárbara Konrad, Universidade Federal do Rio Grande do Sul (UFRGS), Brazil 
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P29 
Depth Profiling of Ion Irradiation-Induced Grain growth and Texture in nanocrystalline Nickel by X-ray 
Diffraction 

 
Julie S, Indira Gandhi Centre for Atomic Research, India 

P30 
High-Confidence Single Atomic and Molecular Ion Implantation for Scalable Donor Arrays in Silicon 
Alexander Jacob, University of Melbourne, Australia 

P31 
Hydrogen Concentration and mechanical dissipation upon Annealing in Zirconia-doped Tantala Thin Films 
for gravitational wave observatory mirrors 

 
Alexandre Lussier, Université de Montréal, Canada 

P32 
MicroPIXE analysis of U, Th and other metals in biological samples:  comparison of irradiation damages 
with different beams 

 
Emmanuel de la Fournière, Comisión Nacional de Energía Atómica, Argentina 

P33 The determination of sildenafil in male enhancement pills through ion beam analysis 

 
Guilherme de Souza, Universidade Federal do Rio Grande do Sul, Brazil 

P34 Formation of crystalline Si1-xGex top layers by ion implantation in crystalline silicon 

 
Martin Chicoine, Université de Montréal, Canada 

P35 
Identification and determination of the relationship between elemental compounds of hair and fingernail 
by PIXE technique in Hamedan urban community 

 
Ebrahim Gholami Hatam, University of Malayer, Iran 

P36 
Successive high-resolution (H₂O)n-GCIB and C₆₀-SIMS imaging integrates multi-omics in different cell 
types in breast cancer tissue 

 
Hua Tian, Pennsylvania State University, USA 

P37 Carboxylic acid self-assembled monolayers on MgO – the role of hydroxyl termination 

 
Manuela S. Killian, University of Siegen, Germany 

P80 Evaluation of functionalization strategies to facilitate multi-depth modifications ofnanostructured oxides 

 Swathi Naidu Vakamulla Raghu, University of Siegen, Germany 
 

Poster session 6/7: Applications 2 (Wednesday 13 October 10:00-12:00 CEST) 

P38 Low energy, high energy and sequential ion irradiation effects on 3C-SiC – Ion channeling study 

 
Sreelakshmi N, Indira Gandhi Centre for Atomic Research (IGCAR), India 

P39 
Ion beam induced luminescence (IBIL) analysis of europium-activated phosphate glass micro-beads 
scintillators at clinical carbon beam therapy field 

 
Wataru Kada, Gunma University, Japan 

P40 
Measurement of X-ray production cross sections for lower-energy (0.7 – 3.5 MeV) proton induced Cu_K, 
Ag_L and Au_M X-rays from thick samples 

 
L.d. Yu, Chiang Mai University, Thailand 

P41 Defect induced band tuning of MeV Ni ion implanted MgO(100) 

 
Sourav Bhakta, NISER, India 
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P42 
Effects of Swift Heavy Ion irradiation on the structural and electrical properties of HfO₂ thin-films deposited 
on GaAs 

 
Karra Vinod Kumar, University of Hyderabad, India 

P43 
Proton and argon ion beam induced luminescence of europium complexes in porous silica-based 
adsorbents 

 
Masaumi Nakahara, Japan Atomic Energy Agency, Japan  

P44 Characterization of precipitation formed in simulated high level liquid waste 

 
Sou Watanabe, Japan Atomic Energy Agency, Japan 

P45 Evaluation of remaining spent extraction solvent in vermiculite by PIXE analysis 

 
Yoichi Arai, Japan Atomic Energy Agency, Japan 

P46 
Effects of Swift Heavy Ion irradiation and interfacial layer on the performance of non-stoichiometric HfOx 
based RRAM devices. 

 
Nimmala Arun, University of Hyderabad, India 

P47 MeV-proton capillary-microbeam PIXE mapping study of solution diffusion in paper 

 
L.d. Yu, Chiang Mai University, Thailand  

P48 Irradiation of (111)-CaF₂ using a modernized beamline in Uppsala 

 
Petter Ström, Uppsala University, Sweden  

P49 
Use of PIXE in sequence with Direct Analyte-Probed Nanoextraction Liquid Chromatography Mass 
Spectrometry to co-locate elemental and lipid biomarkers in tissue 

 
Holly-May Lewis, University of Surrey, UK 

P50 Sequential Ion Beam Analysis (IBA) and Secondary Ion Mass Spectrometry (SIMS) imaging 

 
Catia Costa, University of Surrey, UK 

P77 The application of ion beam analysis in the erosion properties of tungsten-based materials 

 
Hanjun Tu, Fudan University, China 

P78 Elemental analysis of aircraft engine smoke number filter samples with micro-PIXE 

 
Saitoh Katsumi, Environmental Science Analysis & Research Laboratory & National Institute for 
Environmental Studies, Japan 

P52 Multi-analytical study of XVII century leather wall coverings 
 Massimo Chiari, INFN Sezione di Firenze, Italy 

 

Poster session 8/9: Applications 3 (Wednesday 13 October 16:00-18:00 CEST) 

P51 
Effect of SHI irradiation and high temperature annealing on the microstructure of SiC implanted with 
Ag 

 
Hesham Abdelbagi Ali Abdelbagi, University of Pretoria, South Africa 

P53 IBA approach to assess the uptake of copper complexes in cancer cells 

 
Bruno Marques, Instituto Superior Técnico, Universidade de Lisboa, Portugal 
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P54 
Changes in the near-surface composition in EUROFER97 induced by thermal annealing studied by 
in-situ ToF-LEIS and AES 

 
Jila Shams-Latifi, Uppsala University, Sweden 

  

P55 Modification of 2D materials by ultra-low energy ion implantation 

 
Manuel Auge, II. Institute of Physics / Georg-August-University Göttingen, Germany 

P57 Particle emission from two-dimensional MoS_2 induced by highly charged ion impact 

 
Lucia Skopinski, Universität Duisburg-Essen, Germany 

P58 Characterization of titanium aluminum nitride films using low-energy ion scattering 

 
Philipp Mika Wolf, Uppsala University, Sweden  

P59 Growth of Au-nanoparticles by ion implantation 

 
Norberto Catarino, Instituto Superior Tecnico, Portugal 

P60 Investigating hydrogen storage materials with ion beams - recent developments 

 Kristina Komander, Uppsala University, Sweden     
P62 Charge state dependence of the damage onset depth in self-irradiated Ge 

 
Petter Ström, Uppsala University, Sweden  

P75 Tritium measurements by nuclear reaction analysis using 3He beam 

 
Mitja Kelemen, Jožef Stefan Institute, Slovenia 

P76 
Multi-energetic Au ion implantation of graphene oxide, polyimide, polyetheretherketone 
and polyethyleneterephthalate 

 Petr Malinsky, Nuclear Physics Institute of AS CR, Czech Republic 
 

Poster session 11/12: Developments 2 (Friday 15 October 10:00-12:00 CEST) 

P63 Differential Cross-section Measurements for Deuteron Elastic Scattering on 11B 

 
Theofanis Tsakiris, National Technical University of Athens, Greece 

P64 Differential Cross–Section Measurements for ³He Elastic Scattering on ¹⁶₈O and²⁷₁₃Al 

 
Fotis Maragkos, National Technical University of Athens, Greece 

P65 Current status of the external beamline at the Microanalytical center of the Jožef Stefan Institute 

 
Kristina Isaković, Jožef Stefan International Postgraduate School, Slovenia 

P66 
Linear energy transfer (LET) spectroscopy and relative biological effect estimation by SiC-based 
dosimeter for clinical carbon beam therapy field 

 
Wataru Kada, Gunma University, Japan 

P67 
IBIC: ion beam induced charge, nanobeam technique mapping photodiode and micrometric devices 
assessing charge acquisition capability and uniformity 

 
Pierre Couture, University of Surrey, UK 

P68 The new in-air millibeam-PIXE setup at the ATOMKI Tandetron accelerator 

 
Zsofia Kertesz, Institute for Nuclear Research, ATOMKI,  Hungary 
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P69 From ultra-short ion-pulses to the first picosecond ion pump-probe experiment 

 
Lukas Kalkhoff, Universität Duisburg-Essen, Germany 

P70 
Modified hot filament hollow cathode ion source and its application to ultra-low energy ion 
implantation 

 
Felix Junge, II. Institut of Physics, Georg-August-Universität Göttingen, Germany 

P71 
Analysis of Ion Beam Generated by a Duoplasmatron-type Ion Source for a Compact 100 keV Ion 
Microbeam System 

 
Ishii Yasuyuki, National Institutes for Quantum and Radiological Science and Technology, Japan 

P72 Jyväskylä multidetector RBS setup 

 
Jaakko Julin, University of Jyväskylä, Finland 

P73 A comparison of energy dispersive X-ray detectors for PIXE applications 

 
Geoffrey Grime, University of Surrey, UK 

P79 
New Methodology to Study the Charge Collection Efficiency of Microdetectors by Means of the IBIC 
technique 

 Diana Bachiller-Perea, Sorbonne Université, France 
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Monday 11 October 2021 

O1 Forensics & the Environment 

Lab agnostic workflow for forensic applications in car glass classification 

Omer Kaspi1, Olga Girshevitz2, Matea Krmpotić3, Sabrina Gouasmia3, Iva Bogdanović Radović3, Pasi Jalkanen4, Anna Liski4, 
Kenichiro Mizohata4,  Jyrki Räisänen4,  Osnat Israelsohn-Azulay5, Zidon Yiagal5, and Hanoch Senderowitz1 
1Department of Chemistry, Bar-Ilan University, Israel, 2Bar Ilan Institute of Nanotechnology and Advanced Materials, Bar-Ilan 
University, Israel, 3Laboratory for Ion Beam Interactions, Division of Experimental Physics, Ruđer Bošković Institute, Croatia, 
4Department of Physics, University of Helsinki, Finland, 5Israel Police HQ, Toolmarks and Materials Lab, Israel 

The IAEA coordinated a research project titled ‘Enhancing Nuclear Analytical Techniques to Meet the Needs of Forensics 
Sciences’ (CRP F11021) with the aim of empowering accelerator and research reactor based techniques for applications in 
forensic sciences. One of the key topics of this project was the analysis and classification of forensic glass specimens using Ion 
Beam Analysis (IBA) based technique - Particle Induced X-ray Emission (PIXE). 

To this end, glass fragments from car side windows from different car models and manufacturers (provided by the Israeli police 
force) were subjected to PIXE measurements in three laboratories to determine their elemental compositions and possible glass 
corrosion. Major and trace elements were measured and given as an input for machine learning (ML) algorithms in order to 
develop classification models to determine the origin of the glass samples.  

First, we have developed ML models based on the results obtained at each lab. These models successfully classified glass 
fragments into different car models with an accuracy >80% on external test sets. Next, we demonstrated that following an 
appropriate pre-processing step, results from different labs could be combined into a single database that produces an all-
inclusive classification model. This model demonstrates good performances that matches or surpasses the performances of 
models derived from the individual labs. This finding paves the way towards establishing an international database that is 
composed of measurements from various PIXE labs. We believe that using this methodology of combining various sources of 
measurements will both improve model performances and make the models accessible to law enforcement agencies around 
the world. 

Topic: PIXE, car window glass fragments, Machine Learning, Databases 
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The use of simultaneous IBA techniques to fingerprint Australian bushfire fine particle emissions during the 2019-20 black 
summer event 

David D Cohen 

Centre for Accelerator Science, ANSTO, Australia 

Key Words: PIXE, RBS, PIGE, PESA, bushfires, PMF 

Australians are generally accustomed to regular bushfire episodes every few years, but the bushfires of the 2019-20 black 
summer season in New South Wales (NSW) were unprecedented in their extent and intensity. Between October 2019 and 
January 2020 the fires had burnt 5.3M hectares or 6.7% of the State of New South Wales.  This was 18 times the area 
generally burnt in a typical bushfire season. In NSW nearly 2,500 homes were destroyed, 26 lives were lost and millions of 
animals perished. Daily fine particle PM2.5 pollution levels are typically less than 10 µg/m3 across NSW. During this black 
summer bushfire event PM2.5 daily concentrations rose to over 100 µg/m3 at many sites and smoke haze reduced visibility to 
less than 1 km across the Sydney 

Fig. 1: The adjacent figure shows a NASA satellite photo of the smoke plumes leaving the east coast of NSW in November 
2019.  This smoke eventually travelled across to south America and around the globe 

The Centre for Accelerator Science (CAS) at Australian Nuclear Science and Technology Organisation (ANSTO) has had a fine 
particle aerosol sampling program (ASP) operating across Australia and throughout the Asian region for over 30 years now. 
Before, during and after the black summer fires in NSW ASP had eight PM2.5 sampling sites operating across the State of NSW. 
Each of these sites collected 25 mm Teflon filters for 24 hours every Sunday and Wednesday from midnight to midnight. basin 
affecting over 5M people. 

These filters were analysed at the CAS facility for gravimetric mass and using four simultaneous IBA techniques of PIXE, PIGE, 
RBS and PESA to determine up to 25 different elemental concentrations from hydrogen to lead on each filter.  It is well 
recognized that non-soil fine potassium is a good indicator of smoke from biomass burning and this is just one of the many 
elements determine by PIXE. RBS was used to measure the total carbon, nitrogen and oxygen on each filter. PESA was used to 
measure total hydrogen and the hydrogen not associated with ammonium sulfate or nitrate was used to estimate the organic 
matter in each filter.  Nitrates and organic matter are key components of bushfire smoke. 

Measurements were also made on the black carbon (BC) content of each filter using the multi-wavelength absorption black 
carbon (MABI) instrument developed at ANSTO and currently sold to over 46 countries globally. This MABI instrument measures 
BC at seven different wavelength and can distinguish between BC from diesel emissions and BC from bushfire smoke. 

Armed with a reasonably complete elemental composition for filters collected from our many different ASP sampling sites 
across NSW before, during and after the black summer event we were able to apply positive matrix factorisation (PMF) source 
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apportionment techniques to determine up to eight different source fingerprints contributing to each day’s PM2.5 gravimetric 
mass loading with the major fingerprint being a bushfire smoke fingerprint. 

This paper will describe the data collection and analysis and demonstrate the power of multiple IBA techniques combined with 
the statistical process of PMF source apportionment methods to not only fingerprint emissions from significant bushfires but 
also quantify their contributions for every sampling day during this major catastrophic event. The quantification of the smoke 
component to the total gravimetric mass was important for the health professionals to determine the extent of the public’s 
exposure to this major PM2.5 fine particle event.  These ASP data were also part of Government, Senate and Royal Commission 
enquiries into these black summer bushfires. 

Imaging of fingerprints using secondary ion mass spectrometry (SIMS), matrix assisted laser desorption electrospray (MALDI) 
and desorption electrospray ionization (DESI) 

C Costa1, M Jang2, R Webb1 and M J Bailey2 
1Surrey Ion Beam Centre, University of Surrey, UK,  2Department of Chemistry, University of Surrey, UK 

The application of time of flight secondary ion-mass spectrometry (TOF-SIMS) for fingerprint visualisation has been widely 
reported in the literature [1, 2]. Publications have looked into different aspects of fingerprint imaging, including the detection of 
exogenous contaminants, overlapping fingerprints and inks and partially recovered fingermarks. This work has led to the 
inclusion of the technique in the Home Office’s Fingerprint Source Book.  

Recent work has explored the possibility of performing a drug test based on a single fingerprint using non-imaging mass 
spectrometry methods such as paper spray and liquid chromatography [3-5]. However, such techniques cannot easily 
distinguish between contact and ingestion of cocaine. TOF-SIMS was applied to fingerprints collected as presented and after 
handwashing after (a) cocaine administration and (b) contact with cocaine. It was hypothesized that in (a) the cocaine signal 
would be evenly distributed over the fingerprint whilst in scenario (b), cocaine hot spots would be visible over the fingerprint.  

In addition to TOF-SIMS, matrix assisted laser desorption ionization (MALDI) and desorption electrospray ionization (DESI) were 
applied to a similar set of samples. All three techniques showed different distribution of cocaine and benzoylecgonine (main 
metabolite of cocaine) over the area of the fingerprint, depending on whether the drug had been touched or administered, as 
hypothesized above.  

Figure 1 shows the resulting ion images obtained for cocaine (304.15) using (A) TOF-SIMS, (B) DESI and (C) MALDI. All three 
techniques showed the hypothesized scenario (b) where hot spots of cocaine are visible over the fingerprint.  
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Fig 1. Ion images of cocaine (m/z 304.15) from a fingerprint collected from a participant, as presented, after contact with cocaine and 
analysed using (A) TOF-SIMS, (B) DESI and (C) MALDI. 

[1] Attard-Montalto, N., et al., Determining the chronology of deposition of natural fingermarks and inks on paper using 
secondary ion mass spectrometry. Analyst, 2014. 139(18): p. 4641-4653. 

[2] Bailey, M.J., et al., Enhanced imaging of developed fingerprints using mass spectrometry imaging. Analyst, 2013. 
138(21): p. 6246-6250. 

[3] Bailey, M.J., et al., Rapid detection of cocaine, benzoylecgonine and methylecgonine in fingerprints using surface mass 
spectrometry. Analyst, 2015. 140(18): p. 6254-6259. 

[4] Costa, C., et al., Rapid, Secure Drug Testing Using Fingerprint Development and Paper Spray Mass Spectrometry. 
Clinical Chemistry, 2017. 

[4] Ismail, M., et al., Noninvasive Detection of Cocaine and Heroin Use with Single Fingerprints: Determination of an 
Environmental Cutoff. Clinical Chemistry, 2018. 

Invited session 1 

(Invited) Trajectory-dependent electronic excitations at keV ion energies 

Svenja Lohmann1,2, Radek Holeňák2 and Daniel Primetzhofer2 
1Helmholtz-Zentrum Dresden-Rossendorf e.V. (HZDR), Germany, 2Uppsala University, Sweden 

We present experiments directly demonstrating the significance of charge-state dynamics in close collisions at ion velocities 
below the Bohr velocity resulting in a drastic trajectory dependence of the specific energy loss. 

Experiments were performed with the time-of-flight medium energy ion scattering set-up at Uppsala University [1]. In our 3D-
transmission approach [2], pulsed beams of singly charged ions are transmitted through self-supporting Si(100) 
nanomembranes and detected behind the sample. We record ion energy together with the angular distributions of deflected 
particles and can additionally insert a deflector to measure exit charge states [3]. 

We specifically studied the difference in energy loss between channelled (ΔEch) and random trajectories (ΔEr) for ions with 
masses ranging from 1 (protons) to 40 u (Ar+) as shown in Fig. 1 [4,5]. For protons, the observed effect can be explained with 
increasing contributions of core-electron excitations in close collisions only attainable in random geometry. For He and heavier 
ions we observe a reverse trend – a decrease of the ratio ΔEch/ ΔEr with decreasing ion velocity. Due to the inefficiency of 
core-electron excitations at these velocities, we explain this behaviour by contributions of collision-induced charge- exchange 
events along random trajectories. The resulting higher mean charge state leads to higher electronic stopping along random 
trajectories. For heavier ions, local losses due to electron promotion, also including several electrons, are expected to contribute 
strongly to the energy deposition in random geometry. By studying the trajectory dependence of the statistical distribution of 
electronic excitations (electronic energy straggling), we present evidence that for heavier ions, individual events with large 
energy transfer indeed significantly contribute to the energy loss. Finally, we show that our experimental approach leads to 
results that can serve to benchmark dynamic theories such as time-dependent density functional theory [5]. 
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Fig. 1: Ion energy loss along channelled trajectories (ΔEch) normalised to random loss (ΔEr). The inset shows the spatial distribution of 
transmitted He ions with initial energy of 200 keV in random geometry. 

[1]  M. A. Sortica et al., Nucl. Instrum. Methods Phys. Res. B 463 (2020) 16-20. 
[2]  R. Holeňák, S. Lohmann and D. Primetzhofer, Ultramicroscopy 217 (2020) 113051. 
[3]  R. Holeňák et al., Vacuum 185 (2021) 109988. 
[4]  S. Lohmann and D. Primetzhofer, Phys. Rev. Lett. 124 (2020) 096601. 
[5]  S. Lohmann, R. Holeňák and D. Primetzhofer, Phys. Rev. A 102 (2020) 062803. 

(Invited) Self-consistent dynamic sputtering- and erosion simulations with SDTrimSP-3D 

U von Toussaint1, A Mutzke2, and R Arredondo1 
1Max-Planck-Institute for Plasmaphysics, Germany, 2Max-Planck-Institute for Plasmaphysics, Germany 

To facilitate dynamic, fully three-dimensional and self-consistent descriptions of ion-irradiation effects in mesoscopic systems 
the SDTrimSP-code has been enhanced to enable the simulation of the interaction of energetic particles with extended (3-D) 
samples using a voxel-based sample representation and a divergence-free material transport approach. Within this 
represenation arbitrary initial system shapes and compositions can be accommodated. SDTRimSP-3D is MPI-parallelized, 
thus taking advantage of available multi-core- and cluster-architectures. The code has been  validated using predictive 
simulations of the dynamic evolution of dedicated 3-d test-structures which have subsequently been eroded by 5 keV-argon 
ions under varying impact angles. The algorithmic details of SDTrimSP-3D, validation results and simulation results of dynamic 
sputter- shaping of surfaces and 3-D objects will be presented as well as present code limitations. 
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(Invited) Beyond data FAIRification: converting New AGLAE data into digital heritage objects 

Claire Pacheco1,2, Hasni Alamat3, Ned Baldessin3, Jonathan Bourguignon3, Pauline Breton-Chauvet1,4, Quentin Lemasson1,2,  
Laurent Pichon1,2, and Marine Zelverte1 
1C2RMF, Palais du Louvre, France, 2New AGLAE, FR3506, Palais du Louvre, France, 3Atelier Numérique, SNUM, Ministère de la 
Culture, France, 4Ecole Nationale des Chartes, France 

On April 15th 2019, Notre-Dame de Paris was burning. The glass-stained windows have fortunately been preserved but were 
polluted by lead. These colorful iconic objects are deposited now and some of them will be studied in 2022 at the New AGLAE 
facility. Once restored, the precious artifacts will go back to the cathedral for centuries, hardly accessible for further physic-
chemical analysis.  

Integrating and sharing scientific data within the frameworks, norms and processes of Open Science should be considered as 
the alpha and the omega of any study of Cultural Heritage entity. As a matter of fact, if the property of a Cultural Heritage object 
is not always institutional, its cultural and spiritual dimension is intrinsically universal and belongs to anyone. According to the 
UNESCO World Heritage Convention dating from 1972 and now signed by 194 states, it is the duty [of France] of ensuring the 
identification, protection, conservation, presentation and transmission to future generations of the cultural heritage. 

So, how should we consider the IBA data acquired on such specific targets? Are they part of the cultural heritage object which 
will then be digitally augmented? Are they part of a digital twin of the piece of art?  

Hence, the mission of the New AGLAE team is to preserve and transfer the IBA data sets acquired on precious objects made of 
stones, glass, ceramics, metals, etc. and dating from Paleolithic to 21st c. to future generations as a piece of digital cultural 
heritage, starting by making the data respect the FAIR principles (Findable, Accessible, Interoperable, Reusable). The FAIR 
process is optimized along the IBA data life cycle, from the application for New AGLAE beam time to the perennial storage of 
data sets and the publication of data, through their processing and current storage. 

Following this logic and also in order to improve the various uses of IBA data within the communities built around the New 
AGLAE, IBA for Cultural Heritage and more widely Heritage Science, the Euphrosyne project was conceived. Euphrosyne is not 
only Aglae’s sister in mythology, but it is also the name of the digital platform that is being developed with the Digital Workshop 
of the French Ministry of Culture to make the New AGLAE data FAIR. 

Euphrosyne will soon enable New AGLAE users to safely reach their data and to remotely process them with the software suite 
available at the facility. Then, the digital tool should enable interrogating, accessing and sharing IBA data respecting the FAIR 
principles. 

The issues, methodology and challenges will be presented as well as the progress status of the Euphrosyne platform and a 
potential demonstration of a trial version of its prototype. 
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O2: Forensics and Cultural Heritage 

Elemental characterization of brazilian coffee using pixe and rbs 

Paola Chytry1, Guilherme Soares1, Marcelo Knebel1, Deiverti de Vila Bauer1, Rafaela Debastiani2, Johnny Ferraz Dias1, and Livio 
Amaral1  
1Ion Implantation Laboratory, Institute of Physics, Universidade Federal do Rio Grande do Sul, Brazil, 2Institute of 
Nanotechnology, Karlsruhe Institute of Technology, Germany 

Coffee is one of the most popular beverages in the world, and Brazilian coffee is particularly famous for its flavour and quality. 
One of the most popular brands in Brazil, Melitta, has several different of qualities of coffee which range from traditional, 
premium, and regional varieties and which all have different price ranges and distinct flavours. The aim of this work is to use ion 
beam a investigate the variation in elemental composition between four varieties of Melitta roasted ground coffee – three of 
them categorised as premium, which have controlled determination of origin (Cerrado, Mogiana and Sul de Minas) and the 
fourth corresponding to the most popular coffee, Melitta Tradicional. 

Samples were prepared for each coffee variety – 49 each for the regionals, and 70 for the traditional – and pressed into pellets. 
They were analysed with PIXE (Particle- Induced X-ray Emission) and RBS (Rutherford Backscattering Spectrometry) and using 
the softwares Gupix (PIXE) and SIMNRA (RBS). Both equipments use the 3 MV Tandetron accelerator of Ion Implantation 
Laboratory in the Physics Institute in UFRGS (Brazil). The concentrations between coffee varieties were compared applying one-
way analysis of variance (ANOVA) and Tuckey’s post hoc tests (significance level of 0.05) to the data. 

Elements determined in most of the samples were Mg, Si, P, S, Cl, K, Ca, Mn, Fe, Cu, Zn and Rb. In less than half of the 
samples the elements Al, Sc, Ti, Co, Ni, Br and Sr were detected above LOD. K concentration, the main major element of coffee, 
is present with similar concentration ( ̴ 15000 mg/kg) in the gourmet coffees, but their concentrations are below the 
determined for the Melitta Tradicional. These differences may be related to the soil used to production, but also to the fact that 
the gourmet coffee are 100% Arabica, while Tradicional coffee corresponds to a blend of Arabica and Robusta coffee beans, 
which seems to have a lower concentration of K than Robusta coffee [3]. 

[1]  Debastiani, R., dos Santos, C. E. I., Yoneama, M. L., Amaral, L., & Dias, J. F. (2014). Ion beam analysis of ground 
coffee and roasted coffee beans. Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions 
with Materials and Atoms, 318, 202–206.  https://doi.org/10.1016/j.nimb.2013.05.105 

[2]  Martín, M.J., Pablos, F., González, A.G., 1999. Characterization of arabica and robusta roasted coffee varieties and 
mixture resolution according to their metal content. Food Chem. 66, 365– 370. https://doi.org/10.1016/S0308-
8146(99)00092-8 
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New and emerging nuclear techniques (NT) for the authentication of paintings 

Thomas Calligaro1, Agnieszka Banas2, Krzysztof Banas2, Iva Bogdanović Radović3, Marko Brajković3, Massimo Chiari4, Anne-
Maija Forss11, Irka Hajdas5, Matea Krmpotić3, Anna Mazzinghi4, Eva Menart6,7, Kenichiro Mizohata8, Markku Oinonen11, Claire 
Pacecho1, Jyrki Raisanen8, Zdravko Siketić3, Žiga Šmit6,9, and Aliz Simon10 
1 Centre de recherche et de restauration des musées de France C2RMF, France, 2 National University Singapore, Singapore 
Synchrotron Light Source, Singapore, 3 Ruđer Bošković Institute, Laboratory for Ion Beam Interactions, Croatia, 4 INFN division of 
Florence and Department of Physics and Astronomy, University of Florence, Italy, 5 Laboratory of Ion Beam Physics, ETH Zurich, 
Switzerland, 6Jožef Stefan Institute,  Slovenia, 7 National Museum of Slovenia,  Slovenia, 8 Univ. Helsinki, Finland, 9 Faculty of 
Mathematics and Physics, University of Ljubljana, Slovenia, 10 IAEA, Austria, 11 Univ. Helsinki, Lab of Chronology, Finnish 
Museum of Natural History—LUOMUS, Finland 

It is estimated that nowadays about 30% of items which appear on the art market are forgeries. To combat this traffic, the 
opinion of qualified experts in artwork authentication needs the support of scientific methods providing concrete facts and 
evidence. Many aspects can be addressed using different investigation techniques such as materials characterisation, absolute 
age determination, alteration phenomena, etc. Most challenging is the domain of paintings authentication owing to the 
complexity and diversity of the materials (paint layers, ground, varnish, canvas, etc.) and the preferable use of non-destructive 
methods. Routine techniques for this task are Vis, UV, IR and X-ray imaging, optical and electron microscopies, XRD, FTIR, HP-
LC and GC-MS, micro- and macro-XRF. 

In the present work we report on analysis of a painting obtained by new and emerging Nuclear Techniques (NT) of potential 
interest in the forensic investigation of paintings and other cultural heritage objects. The work was carried out in the framework 
of the IAEA Coordinated Research Project F11021: Enhancing Nuclear Analytical Techniques to Meet the Needs of Forensic 
Sciences. An ancient painting of unknown author and title, considered by art experts from its style as a French school 
composition of the 17th-18th centuries, was acquired at an auction for this study. Paint coupons of 2 cm x 1 cm were sampled in 
the sky on the right border of the painting and distributed to the participants for the application of the new NTs, rather than 
circulating the object. The objective was to evaluate their ability to determine the painting authenticity and to point out possible 
restorations or anachronic features.  

Following NT were applied to analyse paint coupons by different labs: direct 14C AMS dating of binder, canvas and support, 
Secondary Ion Mass Spectrometry with MeV ions (MeV-SIMS) of binder and pigments, full-field PIXE mapping of pigments, 
differential PIXE and total IBA for the determination of paint layer sequence and composition including pigment/binder ratio. 
Although not belonging to NT, potential of Optical Photothermal Infrared Spectroscopy (O-PTIR) imaging was also exploited. 
Results obtained by different techniques are presented and discussed. It is shown that the combination of above-mentioned 
techniques allowed to trace back the history of the test painting.  
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Codex 99 from Manizola collection: IBA characterization 

Victoria Corregidor1, Margarida Nunes2, Luís C Alves1, Ana Claro3, and Teresa Ferreira2,4 
1C2TN, Nuclear and Technological Campus, IST, University of Lisbon, Portugal, 2HERCULES Laboratory, University of Évora, 
Portugal, 3CHAM, NOVA School of Social Sciences and Humanities, Portugal, 4Chemistry Department, Science and Technology 
School, University of Évora, Portugal 

Codex 99 of Manizola collection is a manuscript book written with iron gall ink in the 17th century by the Jesuit Father António 
Pessoa. As for its contents, Codex 99 is a compilation of three treatises: Orthographia, Arithmetica and Sciencias. The book was 
probably used in a pedagogical context, whether teaching or mission and it is kept in the Public Library of Évora, Portugal. 

The first half of the book is very well preserved, but the second part shows degradation signals associated with the use of the 
iron gall inks such as yellowing, loss of paper strength and fragmentation on the inked areas. 

Particle induced X-ray emission (PIXE) and Rutherford backscattered spectrometry (RBS) among other characterization 
techniques have been used to study the composition of the ink and the writting support along the document. 

Results show that different inks were used along the manuscript, being the presence of impurities and their concentration, such 
as Pb or Zn, the key to identify them (see figure 1). The depth penetration of the several used inks is also different. In some 
fragments it has been possible to identify the presence of a very thin layer of gold. 

 

Fig 1: Detail of inked areas in the manuscript and PIXE spectra acquired on different iron gall ink regions. 
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Imaging of organic samples with MeV TOF-SIMS capillary microprobe 

Marko Brajković, Iva Bogdanović Radović, Donny Domagoj Cosic, Marko Barac, and Zdravko Siketić 

Ruđer Bošković Institute, Croatia 

In present work, imaging capabilities of TOF-SIMS microprobe setup with conical capillary will be presented. Microprobe setup 
with conically shaped capillary should have two obvious advantages comparing to the setup which uses quadrupole 
lenses for ion focusing. It is significantly cheaper and allows use of heavy high-energy primary ions that cannot be used 
with commercially available focusing systems. High-quality molecular imaging demands good lateral resolution, which is 
achieved by a small enough spot size, and good secondary ion yield, which decreases available pixel size and image 
collection time. Using MeV ions as a primary beam in TOF-SIMS strikes a fine balance between these two quantities 
for the molecules in mass range 100 – 1000 Da, which makes it a useful technique for the analysis of fatty acids and other 
lipids. Heavy, high-energy primary ions, such as 14 MeV copper, produce higher secondary ion yield then low energy primary 
ions [1], and can be collimated to a few micrometre dimension using glass capillaries. 

The system, that previously used a particle detector placed behind the thin target to trigger the start of TOF measurement [2], 
is upgraded with a new trigger which allows analysis of targets of an arbitrary thickness. Signal from electron multiplier 
that detects secondary electrons released from the sample surface upon the continuous primary beam impact is used to start 
the TOF measurement, and to set the target voltage. With this upgrade, a good mass resolution is preserved and background in 
the mass spectra is significantly reduced. Molecular images for several organic samples that have been analysed (leucine-
evaporated mesh, fly wing section, ink deposited on paper) will be shown. Contribution of beam halo, a feature of conically 
shaped capillaries that cannot be neglected and that significantly reduces imaging capabilities of capillary based microprobe, 
is critically assessed. 

[1]  Brajković, M.; Barac, M.; Bogdanović Radović, I.; Siketić, Z. Dependence of Megaelectron Volt time-of-flight 
secondary ion mass spectrometry secondary molecular ion yield from phthalocyanine blue on primary ion stopping 
Power. J. Am. Soc. Mass Spectrom. 2020, 31, 1518-1524. 

[2]  Brajković, M.; Barac, M.; Cosic, D.; Bogdanović Radović, I.; Siketić, Z. Development of MeV TOF-SIMS capillary 
microprobe at the Ruđer Bošković Institute in Zagreb. Nucl. Instum. Methods Phys. Res. B 2019, 461, 247-242. 

O3: Imaging and MeV SIMS 1 

MeV-SIMS/SNMS investigation of electronic sputtering under swift heavy ion irradiation of solids 

A Wucher 

Fakultät für Physik, Universität Duisburg-Essen, Germany 

The investigation of electronic sputtering induced by swift heavy ion (SHI) irradiation of solids has a relatively long history, but 
essential information regarding the SHI-induced particle ejection is still missing. While integral quantities like total sputter yields 
characterizing the entire sputtered material are relatively easy to measure, information regarding the composition of the 
sputtered flux, along with the emission angle and energy distribution of the different ejected species ultimately requires a mass 
spectrometric investigation of the sputtered particle flux. Corresponding available data, however, is mostly restricted to 
secondary ions, i.e., those particles which leave the solid in a charged state. Since comparison of measured secondary ion 
yields with corresponding total sputter yields reveals that most of the sputtered material is neutral, mass spectrometric 
detection of sputtered neutral particles is ultimately needed in order to gain quantitative information on the sputtered flux. 
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In order to investigate the particle ejection mechanism under SHI bombardment, we have set up a time-of- flight (ToF) 
spectrometer at the M1 beam line of the UNILAC accelerator located at the GSI Helmholtz centre in Darmstadt, which is 
equipped with a pulsed laser for post-ionization of sputtered neutral particles prior to mass spectrometric analysis [1]. The 
system is operated in a way that secondary ions and their neutral counterparts can be detected in-situ under otherwise 
identical experimental conditions, thereby delivering quantitative information regarding the ionization probability, i.e., the 
charged fraction of the sputtered particles. This way, partial sputter yields of the different ejected atomic and molecular species 
can be determined along with essential information regarding their emission angle and energy distributions. The system was 
initially equipped with a VUV laser delivering pulses of up to 2 mJ energy and ~10 ns duration at a wavelength of 157 nm. 
While the corresponding photon energy of 7.9 eV is large enough to allow single photon ionization of many atoms (including 
nearly all metals), it is not sufficient for efficient photoionization of essential elements like H, B, C, N, O, halogens, rare gases 
etc. along with practically all organic molecules. In order to permit an effective post-ionization of these species as well, we have 
recently upgraded the system with a femtosecond IR laser delivering pulses of up to 2 mJ energy and 40 fs duration at tunable 
infrared wavelengths between 800 and 1700 nm. If the beam is tightly focused to about 75 µm spot size, the corresponding 
peak intensity of up to 1015 W/cm2 is high enough to establish a laser field strength comparable to the Coulombic field 
binding the valence electrons in the irradiated particle, thereby allowing for tunnel ionization of the sputtered neutral species 
regardless of their ionization potential. Moreover, the in-situ availability of both laser beams allows a direct comparison of two 
completely different post-ionization methods, which is particularly important for sputtered molecules in view of their laser 
induced fragmentation. 

In this contribution, we will present a few case studies using the first data collected with this system during two beam time 
periods with 5 MeV/u 197Au25+ and 48Ca10+ ions in spring 2021 with particular emphasis on the comparison between both 
laser beams. We will show that high-IP species like, for instance, Au atoms can be detected via strong-field laser post-
ionization, while they are practically undetectable with the VUV laser. By scanning the focused post-ionization laser beam 
across the plume of sputtered particles above the irradiated surface, we determine information regarding their emission angle 
distribution along with the total fraction of sputtered neutrals which is intersected by the laser, a quantity which is important for 
a quantitative evaluation of secondary ion formation probabilities. By delaying the ion extraction with respect to the post-
ionizing laser pulse, we obtain information regarding the emission velocity distribution of the sputtered neutral species, which is 
essential to interpret measured ToF spectra in terms of partial sputter yields. In order to unravel the difference between 
electronic and nuclear sputtering mechanisms, the results obtained under SHI impact will be compared with those measured in-
situ under 5 keV Ar+ bombardment. 

[1]   F. Meinerzhagen, L. Breuer, H. Bukowska, M. Bender, D. Severin, M. Herder, H. Lebius, M. Schleberger, and A. Wucher, 
Review of Scientific Instruments 87 (2016), 013903. 
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4D surface reconstructions from microscale photogrammetry: correlation of 3D models with SIMS to study microstructural 
topography and chemical distribution 

A Ost1,2, J-N Audinot1, and T Wirtz1 
1Advanced Instrumentation for Nano-Analytics (AINA), MRT Department, Luxembourg Institute of Science and Technology (LIST), 
Luxembourg, 2University of Luxembourg, Luxembourg 

The analysis of microscopic and even nanoscopic 3D objects is of high interest in various domains, including nanotechnology, 
life, and soil sciences. The latest developments in electron and ion microscopy allow to image specimens at sub-nm spatial 
resolution. The correlation of these ultra-high- resolution images with Secondary Ion Mass Spectrometry (SIMS) provides a 
deeper understanding of samples by correlating topographic and chemical information in one single image. To visualize and 
study the actual 3-dimensional sample topography, this 2D correlative microscopy and spectroscopy method has been 
extended to 4 dimensions by creating first 3D representations from secondary electron (SE) images and correlating them with a 
SIMS image from the same Region of Interest (ROI) [1]. 

SE images were acquired here in a Helium Ion Microscope (HIM), while SIMS data was obtained with an add-on system to the 
HIM developed at LIST (therefore called “HIM-SIMS”) allowing in-situ analysis at high spatial resolution (< 20 nm). Additionally, 
a CAMECA NanoSIMS 50L was used to image isotopes of organic compounds at an appropriate mass resolving power. First, 
sequential SE images were acquired around a ROI and a 3D SE surface reconstruction was created in a photogrammetry 
software. The SIMS image acquired at normal incidence on the same ROI was overlaid then with the 3D model and the obtained 
4D model was processed numerically. 

In this talk, we will illustrate step-by-step the 4D surface reconstruction process and discuss the advantages of this method 
compared to the analysis of 2D SIMS images only. Furthermore, we will demonstrate how 4D models can be used to study and 
correct topographical artefacts in SIMS resulting from differences in local sputter yields. Finally, we will show an application of 
4D models in soil biogeochemistry to link local surface curvature information with organic matter hotspots [2]. Hence, we 
demonstrate that this methodological development allows an important step forward to link the structure and chemistry of 
samples and study these systems correlatively. 

 

Fig. 1: Illustration of the 4D surface reconstruction workflow on a soil microaggregate [2]. a) Exemplary images of a HIM SE image sequence. 
b) SIMS image acquisition at normal incidence of the same microaggregate. c) 3D SE surface reconstructions from images taken in a). d) 
4D reconstruction obtained from the overlay of the 3D model in c) and the SIMS image in b). 

[1] F. Vollnhals and T. Wirtz, “Correlative Microscopy in 3D: Helium Ion Microscopy-Based Photogrammetric Topography 
Reconstruction Combined with in situ Secondary Ion Mass Spectrometry,” Anal. Chem., vol. 90, pp. 11989–11995, 
2018. 
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[2] A. D. Ost, T. Wu, C. Höschen, C. W. Mueller, T. Wirtz, and J.-N. Audinot, “4D Surface Reconstructions to Study 
Microscale Structures and Functions in Soil Biogeochemistry,” Environ. Sci. Technol., vol. 55, no. 13, pp. 9384– 9393, 
2021. 

Electronic vs. Nuclear sputtering of Coronene 

L Breuer1, T Heckhoff1, M Herder1, H Tian2, N Winograd2, and A Wucher1 
1Fakultät für Physik, Universität Duisburg-Essen, Germany, 2The Pennsylvania State University, USA 

Electronic sputtering induced by swift heavy ion (SHI) irradiation of solids has been suggested as a relatively soft desorption 
mechanism for intact molecules in Secondary Ion Mass Spectrometry (SIMS). In order to evaluate the prospects of this so-
called “MeV-SIMS” technique as compared to the standard SIMS methodology utilizing nuclear sputtering induced by either 
atomic or polyatomic ions with energies in the keV range, we have performed a case study using time-of-flight (ToF) mass 
spectrometry to detect both ionized and neutral particles sputtered from an organic coronene film deposited on a silicon 
substrate. In particular, secondary ion and neutral mass spectra obtained under 4.8 MeV/nucleon Ca and Au ion impact were 
compared with those measured under irradiation with keV Ar, C60 and Ar1500 ions, respectively. The cluster projectiles were 
chosen since they represent the current state-of-the-art in molecular keV-SIMS applications, where it was shown that 
polyatomic projectiles allow a sustained desorption of intact molecules even under dynamic SIMS conditions where the surface 
is eroded by the primary ion beam. While secondary ions were directly detected using a standard reflectron ToF spectrometer, 
sputtered neutral particles were post-ionized above the irradiated surface using two different laser photoionization schemes, 
namely vacuum ultraviolet (VUV) single photon ionization (SPI) at 157 nm and infrared (IR) strong field tunnel ionization (SFI) 
at wavelengths between 800 and 1300 nm, respectively. Coronene was chosen as a model system since the relatively low 
ionization potential of the intact coronene molecule allows its efficient detection via SPI at the employed photon energy of 7.9 
eV. In order to assess the photo-induced fragmentation of emitted molecular species, the results measured under ion 
bombardment were compared in situ with those induced by thermal evaporation via heating the sample. The measured spectra 
are interpreted in terms of partial sputter yields, fragmentation patterns, emission velocity distributions and ionization 
probabilities with particular emphasis on the emission and/or formation of intact molecular ions, since these carry the most 
specific information regarding the chemical composition of the irradiated surface. 

The obtained data clearly demonstrate that the MeV-induced electronic sputtering process results in much cleaner molecule 
spectra than the keV-induced nuclear sputtering process even if cluster projectiles are used in the keV experiment. In particular 
for the Ca SHI and VUV post-ionization, the measured spectra are completely dominated by unfragmented neutral coronene 
molecules detected at m/z 300, followed by some fragmentation via the loss of one or more hydrogen atoms. Interestingly, the 
spectra measured under SHI impact are even cleaner than those measured under thermal evaporation conditions, thereby 
illustrating a fundamental difference between macroscopic thermal evaporation and the electronic sputtering process. In 
contrast to the SHI irradiation, the fragmentation measured under keV ion bombardment appears to be much worse compared 
to the thermal desorption spectrum even if cluster ion projectiles are used. Comparing the secondary neutral and ion spectra, 
one finds an ionization probability of the intact molecule of the order of 1% under SHI impact, which may be slightly higher than 
that measured under keV C60+ ion impact (~ 2  10-3). Apart from the hugely different fragmentation characteristics, no 
significant difference is found between SHI and keV cluster ion impact regarding the emission velocity distributions of the 
emitted molecules, thereby indicating that the measured signals largely represent the respective partial sputter yields. 
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(a) 

(b) 

Tuesday 12 October 2021 

O4: Equipment & Methodology 

Development of an integrated RBS/NRA/PIXE facility at Peking University 

Zeqing Shen1, Jipeng Zhu1,2, Yuan Gao1, Liqing Qin1, Sha Yan1, Chris Jeynes3, Nianhua Peng3, Jianming Xue1, and Yugang Wang1 
1State Key Laboratory of Nuclear Physics and Technology, Institute of Heavy Ion Physics, Peking University, China, 2Science and 
Technology on Surface Physics and Chemistry Laboratory, China, 3University of Surrey Ion Beam Centre, UK 

Based on the Van de Graaff-type 4.5 MV accelerator at Peking University, a new Proton Induced X-ray Emission (PIXE) system is 
integrated with existing Nuclear Reaction Analysis (NRA) and Rutherford Backscattering Spectrometry (RBS) facilities, and also 
the nuclear electronics of the NRA/RBS are upgraded. All detectors are settled in one target chamber, so RBS/NRA/PIXE data 
can be collected in-situ or concurrently on line. It makes collaborative ion beam analysis possible. For improving analysis 
accuracy and precision, beam energy and nuclear electronics are calibrated carefully (see Fig.1), and then a series of standard 
sample measurements are done for differential cross sections of some nuclear reactions and H factor calibration. 

 

 

 

 

 

 

 

 

 

 

Fig. 1: (a)RBS spectrum of standard sample; (b) Evolution of the fitted parameters with iteration number 
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TOF-SIMS spectrum prediction using machine learning ~Random Forest~ 

Satoka Aoyagi 

Seikei University, Japan 

The identification of TOF-SIMS spectra of peptide samples by machine learning was investigated. More than 1000 TOF-SIMS 
spectra of six peptide model samples collected through VAMAS inter laboratory study [1]. In this investigation, the presence of 
20 amino acids involved in peptides and proteins was employed as labels. The intensity of peaks in every TOF-SIMS spectrum 
was extracted using the same peak list was employed as descriptors. Each peak intensity was normalized to the total ion count 
of the spectrum. The spectra of the test peptide sample were predicted by Random Forest. The accuracy of the prediction for the 
spectra of peptides whose spectra were contained in a training data was almost perfect while the accuracy of unknown 
peptides was generally less than 0.9. Random Forest also suggests specific fragment ions from an amino acid residue whose 
fragment ions detected by TOF-SIMS have not been reported, in the important features. This study indicated that the analysis 
using Random Forest is useful to interpret TOF-SIMS spectra of an unknown sample. 

[1] S. Aoyagi et al., Anal. Chem. 93, 9, 4191–4197 (2021). 

Evaluation of autoencoder parameters for analyzing TOF-SIMS data of three polymers 

Masaru Ito1，Kazuhiro Matsuda1,2, and Satoka Aoyagi1 

1Faculty of Science and Technology, Seikei University, Japan, 2Surface Science Laboratories, Toray Research Center, Japan 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is widely applied to many fields because it is a strong surface 
analysis method that can provide 3D images of molecules and chemical structure information [1]. For the analysis of TOF-
SIMS data consisting of images and spectra, multivariate analysis methods have been used [2] because TOF-SIMS data 
interpretation is difficult due to overlapping peaks derived from various molecules. In order to interpret TOF-SIMS data 
effectively, it is important to incorporate multiple data analysis methods. In late years, TOF-SIMS data analysis using 
unsupervised learning methods based on artificial neural networks (ANN), such as autoencoder [3-5] and self-organizing 
maps (SOM) [6], has also been reported. Autoencoder is an analysis method that is expected to extract more detailed 
information from TOF-SIMS data than MVA [3]. However, an optimal parameter setting method for autoencoder has not been 
established because there are so many hyperparameters. 

In this study, we aim to show a basic model of autoencoder for the analysis of TOF-SIMS data by analyzing the TOF-SIMS data 
of a three-polymer sample [2] using autoencoder. As model data, the TOF-SIMS data of four-layer samples of three-polymer: 
polyethylene terephthalate (PET), polystyrene (PS) and polycarbonate (PC) [2] was used. The TOF-SIMS data having 1089 
secondary ions obtained by auto peak search and 128 × 128 = 16384-pixel size were converted into a matrix with 16384 rows 
and 1089 columns. After normalization by total ion intensity in each pixel, min-max scaling or auto scaling was applied to 
the matrix data. The TOF-SIMS data was analyzed sparse autoencoder of Deep Learning Toolbox, (MATLAB, Mathworks Inc.). 
Sparse autoencoder of MATLAB includes sparse normalization using KL divergence, L2 normalization in default option. 

As a result, the Autoencoder extracted not only MVA, such as principal component analysis (PCA) and multivariate curve resolution 
(MCR), equivalent information but also information that was not extracted by MVA. 

[1]  I. S. Gilmore, J. Vac. Sci. Technol. A 31, 050819 (2013) 
[2]  Y. Yokoyama et al., Surf. Interface Anal., 47(4) 439-446 (2015)  
[3]  K. Matsuda, S. Aoyagi. Biointerphases 15, 021013 (2020) 
[4]  T. Kawashima, T. Aoki, Y. Taniike, and S. Aoyagi, Biointerphases 15, 031013 (2020). 
[5]  T. Akiyama, N. Miyauchi, A. N. Itakura, T. Yamagishi, and S. Aoyagi, J. Vac. Sci. Technol. B, 38, 034007 (2020) 
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[6]  W. Gardner, R. Maliki, S. M. Cutts, B. W. Muir, D. Ballabio, D. A. Winkler, and P. J. Pigram, Anal. Chem. 2020, 92, 10450-
10459 (2020)  

Radiolysis effects during in-situ RBS experiments 

H Feltham1,3, J J Noël1,3, and L V Goncharova1,2 
1Chemistry Department, Western University, Canada, 2Department of Physics and Astronomy, Western University, Canada, 3The 
Centre for Advanced Materials and Biomaterials Research (CAMBR), The University of Western Ontario, Canada 

Using in-situ ion beam analysis such as Rutherford backscattering spectroscopy (RBS) to determine oxide growth mechanisms 
poses challenges due to the requirement of a liquid electrolyte while in the presence of ultra-high vacuum (UHV). To circumvent 
this problem, a specialized in- situ cell was developed by Mitchell Brockelbank, which isolates the liquid electrolyte from the 
UHV using a silicon wafer, preventing any contact between UHV and liquid. This wafer is equipped with a 100-200nm thin 
Si3N4 window, through which the ion beam can pass. This Si3N4 window is then coated in the metal being studied and 
inserted with the metal in contact with the electrolyte, isolating the electrolyte from the vacuum. As a result, the ion beam can 
pass relatively unimpeded through the Si3N4 window, interacting with the material on the opposite side. This technique allows 
electrochemical methods such as anodization, resistance measurements, and corrosion potentials to be taken under UHV and 
in-situ with RBS. 

Upon preliminary testing of magnetron sputter deposited thin film Ti, higher oxide growth during anodization was reported 
compared to literature and ex-situ anodization studies. Exposure of Ti/Si3N4 sample to a 1 MeV He+  ion beam for 30 minutes 
with no applied potential showed a spontaneous and continuous formation of an oxide layer. The study focused on radiolysis 
product generation after ruling out considerations such as charge build-up from the ion beam which also contribute but mostly 
on the Si3N4 surface facing vacuum. Radiolysis using two separate alpha sources; 241Am at 0.525 bq, 5.7MeV, and a mix of 
nuclides; 241Am, 247Cm, and 244Pu at 0.525 bq, 

5.7 MeV was used to isolate the effects. Ti samples with known oxide thickness were submerged in 0.27 M NaCl solution for 
various times, with a maximum of 193 hours, with the nuclide source facing the solution. Additional covered and uncovered 
samples were created with similar setups for control. Channeling corrected RBS experiments were performed on the samples, 
and the resultant spectra were analyzed using SIMNRA to determine oxide growth as a function of incident alpha particles. 
Using linear regression analysis, the growth of titanium oxide as a result of alpha particle radiation in a conductive analyte was 
quantified. 

[1] Mazzarolo, A., et al. "Anodic Growth of Titanium Oxide: Electrochemical Behaviour and Morphological Evolution." 
Electrochimica Acta 75 (2012): 288-95. Print. 

[2] Vanhumbeeck, J. F., and J. Proost. "Current Understanding of Ti Anodisation: Functional, Morphological, Chemical and 
Mechanical Aspects." Corrosion Reviews 27.3 (2009): 117-204. Print. 
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O5: Biological Applications 

Densitometry of wood with in-air STIM 

K-U Miltenberger1, A M Müller1, N Pezzoli1, C Vockenhuber1, L Wacker1, H-A Synal1, D Nievergelt2, L Schneider2, and G Von Arx2 

1Laboratory of Ion Beam Physics, ETH Zürich, Switzerland, 2Dendrosciences, Swiss Federal Research Institute WSL, Switzerland 

Radial wood density profiles reproducing the periodic structure of the growth rings and their early- and latewood regions 
respectively provide an important archive of climate data. Many dendrochronological studies therefore rely on high-resolution 
density profile measurements and derived data like the maximum (MXD) and minimum density (MND) of individual rings. 
Usually X-ray radiography and tomography as well as the analysis of blue light reflection and microscopic imaging are used to 
acquire intra-ring wood density profiles [1]. 

This study evaluates the use of Scanning Transmission Ion Microscopy (STIM) for the measurement of wood density profiles. 
STIM provides a direct measure of the integrated material density by the analysis of the energy loss of energetic ions when 
passing through the sample material. Freeze-dried thin sections of wood were measured using the in-air capillary microprobe at 
the 1.7 MV Tandetron accelerator at ETH Zurich. The acquired energy spectra were analysed and an intra-annual density profile 
with lateral resolution comparable to other state of the art methods could be obtained. 

The STIM setup for wood densitometry measurements and the first preliminary data will be presented and the challenges during 
analysis and compilation of an intra-annual wood density profile will be discussed. 

[1]  J. Björklund et al. Scientific merits and analytical challenges of tree-ring densitometry. Reviews of Geophysics 57.4 
(2019) 1224. 

[2]  M. J. Simon et al. In-air STIM with a capillary microprobe. Nucl. Instr. Meth. B 273 (2012) 237 

Micro-Particle Induced X-ray Emission (µ-PIXE) measurements of rhesus macaque tissues: Control and Simian 
Immunodeficiency Virus (SIV) infected subjects 

Harry J Whitlow1,2, Nicholas Henderson2,3, Richard Greco3, Naresh Deoli2,4, Armin de Vera2,5, Karen M Smith6, Karen Morgan7, 
and François Villinger7 
1Tandem Laboratory, Uppsala University, Sweden, 2Louisana Accelerator Center and Department of Physics, University of 
Louisiana at Lafayette, USA, 3Louisiana State University Health Shreveport, USA, 4Columbia University, Center for Radiological 
Research, USA, 5Sandia National Laboratories, USA, 6Department of Biology, University of Louisiana at Lafayette, USA, 7New 
Iberia Research Center, University of Louisiana at Lafayette, USA 

Life elements are incorporated at trace levels in many biomolecules that are essential for life. These substances play key roles 
in signal pathways that maintain homoeostasis and immune response. It follows that changes such as disease will give rise to 
changes in the trace element content of the affected tissues. PET-tomography studies [1] of the evolution of Simian Immun- 
odeficiency Virus (SIV) have revealed that at different stage of infection. Promising routes to completely eradicate the HIV viral 
particles involve therapies that target the infection at the cellular level. Ren et al [2] demonstrated using micro-Particle Induced 
X-ray Emission (µ-PIXE), localised perturbations of Cu and Zn concentrations in the nasal mucosa resulting from inflammation 
processes. Our subsequent study [3] pointed towards SIV-associated trace element perturbations in jejunum tissues. To 
overcome uncertainness in [3] associated with chyme residue and histological fixing and clearing steps, we here adopted the 
method of Ren et al [2]. The goal was to establish base-line µ-PIXE data the life-element distributions in a wider range of 
tissues from different organs of a normal healthy subject and compare data for mesenteric lymph nodes for a SIV infected 
subject. 
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Two animal subjects, a control and a SIV infected subject in an IACUC -approved study were used. Organ samples (brain, liver, 
lung, mesenteric lymph node, nasal mucosa and olfactory bulb) destined for a research tissue library were taken at necropsy 
using standard procedures adapted to minimise contamination with life elements. The organ samples were embedded an 
Optimal Cutting Temperature OCT compound, sectioned into ∼10 µm sections using a cry- omicrotome and deposited on 1-2 
10 µm pioloform films. After air-drying the samples were analysed using 2 MeV protons at the Louisiana Accelerator Center with 
a standard Oxford triplet microbeam system. The Geo-PIXE code was used to determine the elemental concen- trations and 
produce background-removed elemental images. 

In the control subject the elemental concentrations varied between the organs. Remarkably, little contrast in the elemental 
maps was observed. ”Hot-spots” with high localised concentra- tions of e.g. Fe, were present in some tissues that are 
presumably associated with e.g. blood vessels. In particular hot-spots of Ca and other elements were seen in the lymph-node 
tissues with some evidence of enhancement in the viremic subject. 

[1] P. J. Santangelo, et al Nat. Methods 12(2015)427432.  
[2] M. Q. Ren, et al. Allergy 73(2018)724-727. 
[3] H.J. Whitlow et al. Phys. Status Solidi A (2020) https://doi.org/10.1002/pssa.202000107. 

Theoretical understanding and supplementing experimental SIMS studies: metallo- organic terpyridine structures 
characterization 

Sylvia Kozdra1, Adrianna Wójcik1,2, Margot Jacquet2, Joanna Kargul2, Karol Hęclik3, Paweł Piotr Michałowski1 

1Łukasiewicz Research Network – Institute of Microelectronics and Photonics, Poland, 2 University of Warsaw, Poland, 
3 Rzeszów University of Technology, Poland 

The combination of experimental and theoretical methods of materials characterization provides a lot of important 
information about structure-property relationships. The secondary ion mass spectrometry technique (SIMS) can be constantly 
improved in order to increase the quality of the obtained results. It is beneficial to supplement the experimental analysis 
with density functional theory (DFT) methods and allow better interpretation of experimental data from ion beam 
techniques. 

Metallo-organic terpyridine wires have been built on indium tin oxide (ITO) surface and characterized using customized ultra 
low impact energy SIMS (ULIE SIMS) technique. The study of organic compounds requires specific measurement conditions, 
for which a controlled fragmentation without mixing effect is possible. The intended effect was achieved by changing the 
angle of incidence of the beam and a significant reduction of its energy (Fig 1). Results in the form of series of mass spectra 
showed gradual detachment fragments of the analyzed structure. Quantitative analysis by SIMS technique for different 
samples containing Co(II) and Fe(II) was shown, and differences in the order of bond breaking were indicated. 

 

mailto:Sylwia.Kozdra@imif.lukasiewicz.gov.pl
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 Fig. 1: 
The comparison of SIMS and ULIE SIMS measurement conditions and effects for terpyridine wires. 

Quantum chemistry calculations were performed to provide additional information about the reasons for the differences in 
the fragmentation process. Theoretical computations were performed by DFT methods with B3LYP functionals, 6-31G(d, p) 
basis set. During considerations energetic and geometric factors have been taken into account, such as: total electron density 
(TED), molecular electrostatic potential (MEP), HOMO&LUMO energy gap, and chemical bonds lengths analysis. 

Differences have been visualized using appropriate software. Qualitative considerations of the stability of chemical bonds and 
the sequence of their breakdown were possible to postulate after using the SIMS technique and theoretical considerations of 
geometric and energetic factors of the molecules. This approach enabled the identification of compounds and simplify the analysis 
of metallo-organic materials. 

 

New Methodology for Accurate Determination of Molecular Co-Localization in Cell Membranes at Nano-Scale 

D S Verkhoturov1, M J Eller2, Y D Han3, B Crulhas3, S V Verkhoturov1, A Revzin3, and E A Schweikert1 
1Department of Chemistry, Texas A&M University, College Station, TX 77843, USA; 2Department of Chemistry and Biochemistry, 
California State University, Northridge, CA 91330, USA; 3Mayo Clinic, 200 1st Street SW St-11-14, Rochester, MN 55905, USA 

Cellular membranes have a semi-fluidic nature which causes fluctuations in the location of its components. When studying co-
localization of tagged membrane proteins, it is important to distinguish between random fluctuations where the components 
happen to be within 20 nm of each other and statistically significant co-localization of proteins likely due to biological function, 
such as protein complex formation upon receptor activation enabling downstream signaling. Here we developed methodology 
for identifying statistically significant co-localization of tagged proteins on a surface, building upon coincidence counting 
methodology of nanoparticle projectile secondary ion mass spectrometry (NP-SIMS). Briefly, the surface is bombarded by 1040 
keV Au2800

8+ individual projectiles at a rate of ~1000 Hz. Each impact causes ejection of analyte ~20 nm in diameter and ~10 
nm in depth. Mass spectrum from each impact is recorded separately. The instrument works in a super-static regime where the 
probability that a particular spot is sampled twice is less than 0.0003%. 

A model experiment was performed using rituximab antibodies, labeled with three different molecular tags containing fluorine, 
bromine, and iodine respectively. They were covalently attached to a gold coated silicon wafer functionalized with sulfo-NHS 
groups. The molar ratio of the different tags on the surface was 1:1:1. Considering the size of the emission volume, up to three 
tagged co-localized antibodies can be detected in a single projectile impact which was indeed the case. To determine whether 
the three different antibodies were homogeneously distributed on the nano-scale or if there were fluctuations due to slightly 
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different physical properties of the tags such as hydrophobicity, a “co-localization factor” was introduced and calculated. The 
idea is that if the surface is homogenous then, in the ensemble of impacts where one of the tags was detected, the detection 
rate of the other tags should be similar to their detection in all impacts (represented by a co-localization factor ~1). The results 
showed that the surface was not completely homogenous at the nanoscale. The effect was probably caused by differences in 
hydrophobicity of the tags which resulted in their non-random attachment to the surface during sample preparation. In 
validation of the approach, when the tags were changed to Eu and Sm chelated BHHTEGST molecules with the same chemical 
and physical properties, the density fluctuations were no longer detected. The presented method can be applied to studying co-
localization of tagged proteins on a membrane surface. 

Work supported by grant R01 GM123757-01 from the National Institute of Health. 

O6: Nano Applications 

A MEIS study of the thermal behaviour of Cu and Au nanoparticles grown on CeO2 thin films on Si(111) 

R Megginson1, F Grillo1, S M Francis1, V Z C Paes2, H Trombini2, P L Grande2, A Rossall3, J A van den Berg3, C J Baddeley1 
1EaStCHEM School of Chemistry, University of St Andrews, UK, 2Laboratório de Implantação Iônica, Universidade Federal do Rio 
Grande Sul UFRGS, Brazil, 3MEIS Facility - Ion Beam Centre; School of Computing and Engineering, University of Huddersfield, 
UK 

Bimetallic catalysts often outperform monometallic ones in terms of activity and/or selectivity. Generally, their behaviour is 
strongly dependent not only on the molar ratio of the two elements but also on nanoparticle size and the interaction with the 
support material. 

Medium energy ion scattering (MEIS) has been used to investigate the morphology and chemical composition of Cu and Au 
nanoparticles deposited onto ultrathin CeO2 films on Si(111) as a function of annealing temperature, both for samples maintained 
in ultrahigh vacuum and exposed to air. The Cu/Au/CeO2/Si(111) system was chosen as a model in order to obtain an insight 
into how the catalytic properties of Cu/Au/CeO2 depend on the presence of discrete Cu and Au particles versus fully intermixed 
Cu/Au systems.  

In order to extract the depth dependent compositional and structural information from the experimental MEIS spectra from the 
bimetallic Cu/Au nanoparticles, the PowerMEIS3 scattering simulation software was used. It considers a sample in terms of voxels 
organised in a matrix format which can represent any complex structure containing a number of elements. Different type of 
matrices describing discrete, alloyed and core-shell hemispherical nanoparticles particles as well as thin films were investigated. 

Analysis showed that when Cu is deposited after Au deposition on CeO2/Si(111) at room temperature, the MEIS data is best 
fitted by assuming the formation of discrete hemispherical particles of Au (of radius 2 nm) and Cu (of radius 1.5 nm) which are 
stable up to 450K, and after annealing to 525K  transform into hemispherical alloyed CuAu particles of radius 2nm. After reversing 
the deposition order, best fits were obtained for a hemispherical core shell structure (of typically 2.7 nm) at room temperature, 
which after annealing to 375K had an Au rich core and a Cu shell and upon annealing to higher temperatures up the 600K, 
morphed into homogeneously alloyed hemispherical particles with radii of 3.4nm. Exposure to air of this sample led to Cu 
segregation to the surface. 
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Quantification of hydrogen in nanostructures: A correlative analysis combining TEM, SIMS and APT 

Santhana Eswara1, Soupitak Pal1, Jenifer Barrirero2, Mario Lehmann3, Quentin Jeangros4, Nathalie Valle1, Franz-Josef Haug3, 
Aïcha Hessler-Wyser3, C N Shyam Kumar1, Frank Mücklich2, and Tom Wirtz1 
1Luxembourg Institute of Science and Technology (LIST), Luxembourg, 1Saarland University, Germany, 3Ecole Polytechnique 
Fédérale de Lausanne (EPFL), Switzerland 

Transmission Electron Microscopy (TEM) is a widely used technique for atomic scale imaging and chemical analysis of materials 
[1]. However, the analysis of elements in trace concentrations, low-Z elements and isotopic selectivity are very difficult or 
impossible using the typical chemical analysis techniques available in a TEM such as Energy Dispersive X-ray Spectroscopy 
(EDS) or Electron Energy-Loss Spectroscopy (EELS). Atom Probe Tomography (APT) allows 3D nanoscale chemical imaging and 
it is capable of distinguishing isotopes. However, the analysed volume is small (~ 106 nm3) and the data is prone to artefacts. 
Specifically, a precise 3D APT reconstruction requires the local morphology of the sample tip at each instance in time which is 
often lacking. Furthermore, limited mass resolution and differences in the field evaporation of different elements can also 
introduce artefacts in the APT data. Secondary Ion Mass Spectrometry (SIMS) is a high-sensitivity technique to detect 
concentrations down to the ppm range. Moreover, all elements and isotopes in the periodic table can be analysed. However, 
the main limitation of SIMS is that the quantification is difficult because of matrix effects (i.e. strong variations in ionization 
yields depending on matrix elements). Relatively large volumes (~ 103 m3) are typically analysed in SIMS and the lateral 
resolution in SIMS imaging is fundamentally limited to ~ 10 nm by the ion-solid interaction volume. To overcome the limitations 
of the individual techniques, we present a correlative TEM-APT-SIMS method [2] for the quantification of hydrogen, deuterium 
and other trace elements (dopants) in passivating contact layers used in silicon photovoltaics. The analysis and data treatment 
methodologies will be discussed in detail and other new methods to quantify SIMS images will also be briefly introduced [3, 4]. 

Acknowledgements: This work was partially funded by the Luxembourg National Research Fund (FNR)  by  the  grants  
C18/MS/12661114  (MEMPHIS)  and  INTER/SNF/16/11536628  (NACHOS). 

[1]  D. B. Williams & C. B. Carter, Transmission Electron Microscopy, Springer, US 2009 
[2]  S. Pal et al, Appl. Surf. Sci, 555, 149650, 2021 
[3]  S. Eswara et al, MRS Comm., 9, 916–923, 2019, 
[4]  L. Yedra et al, J. Anal. Atom. Spectrom., 36, 56-63, 2021 
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Fig. 1: STEM-HAADF, STEM-EDX and APT images of the nanostructured passivating contact in a silicon photovoltaic material. The APT 
concentration profiles across the specimen are shown for masses 1 Dalton (H) and 2 Dalton (H2 or D) before and after background 

correction with insights drawn about D/H ratio from SIMS analysis. H and D concentrations are thus quantified within nanoscale layered 
structures. Adapted from our work in [2]. 

Experimental analysis of surface Debye temperature for epitaxial thin films 

M C Adam1, N Darukhanawalla1, J Gaudet1, P J Simpson1, L V Goncharova1, G O’Hara2, D Wells2, G Hall2, B Checinski2, and J 
Ociepa2 
1Department of Physics and Astronomy, Western University, Canada, 2OCI Vacuum Microengineering, Inc, Canada 

Defect engineering plays an essential role in materials science and is of paramount importance in thin-film device fabrication. 
Novel experimental methods are needed to identify and quantify defects during film growth. The Debye temperature (DT) of a 
solid is a representation of the stiffness and so is sensitive to defect concentrations. The DT tends to decrease in the vicinity of 
the surface such that the endpoint value found for the top atomic layer is known as the surface DT. In this collaborative project, 
we have used a suite of surface characterization techniques to characterize and quantify defects on the surface and in the near-
surface region in epi-films compared to single crystals. We applied Rutherford Backscattering Spectroscopy (RBS, random and 
channeling modes), Positron Annihilation Spectroscopy (PAS), and Low Energy Electron Diffraction (LEED) to study defect 
density and distribution and calculate surface DT for different epitaxially grown thin films (Si films on sapphire, Ge on Si (001)). 
We used Rutherford Backscattering Spectroscopy (RBS) in a channeling alignment to measure defect distribution as a function 
of depth (figure 1), which can be correlated with PAS measurements, giving information about defect densities. These results 
were compared with surface DT calculated from LEED patterns (figure 2) and showed that as larger is the concentration of 
defects in the epitaxial layer, as lower is surface DT. For instance, surface DT of bulk Si (001), 1μm Si on sapphire, and 0.6µm 
Si on sapphire were 609K, 574K, and 535K, respectively. However experimental uncertainties of LEED DT are large and show 
dependence on the diffraction peak index, electron energy and inner potential in calculations. Overall, we found good 
agreement between estimates of surface DT from LEED, defect densities estimate from RBS, and PAS results. 
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Fig. 1: Random and channeling spectra along with the 
parameter χ (which is defined as the ratio between 
the aligned yield by the random yield) on the right 
scale, of samples (a) Si (001), (b) SoS 1.0 μm, and 
(c) SoS 0.6 μm.  

Fig. 2: Calculated surface Debye temperature from 
LEED measurements at 80 eV, 95 eV and 150 eV 
incident electron energy

Massive cluster SIMS for nanometrology of nanoparticles and their interfaces 

Michael J Eller1, Jesse Sandoval2, Stanislav V Verkhoturov2, Dmitriy V Verkhoturov2, Emile A Schweikert2 
1Department of Chemistry and Biochemistry, California State University, USA, 2Department of Chemistry, Texas A&M 
University, USA 

Nanoprojectile Secondary Ion Mass Spectrometry, NP-SIMS, is a promising technique for molecular analysis at the 
nanoscale. In this methodology, termed the event-by-event bombardment detection mode, individual nanoprojectiles 
impact the surface one-by-one and the resulting secondary ions are mass analyzed by time-of-flight mass 
spectrometry prior to the arrival of the subsequent projectile. Analysis of co-emitted ions from each impact allows for 
the inspection of co-localized moieties within the ejected volume (10-15 nm). Surfaces were probed stochastically 
with a suite of individual gold nanoparticles (520 keV Au4004+) separated in time and space. In this study, we 
examined a mixture of three nanoparticles with identical metal cores, differing only by their functionalization. Using 
the described methodology, we were able to evaluate the extent of mixing between particles and to quantify the 
abundance of each particle. Further, based on the detected secondary ions, we separated ensembles of 
measurements based on the impact parameter between the impacting nanoprojectile and the surface particle. Thus, 
demonstrating ensemble averaging can be avoided, allowing for the nanoparticle/substrate interface to be examined. 

In this study, the relative abundance of each nanoparticle was determined by calculating the correlation coefficient 
between two characteristic ions. We found that the surface coverage of decanethiol, tetradecanethiol, or 
hexadecanethiol were 46, 59, and 64 percent, respectively. By comparison, the surface coverage of gold cores was 
found to be 52 percent. This discrepancy is due to extension of the ligands beyond the core, where they 
interweave. Thus, the surface coverage alone cannot be used to determine the relative concentration of each particle. 
To determine the relative concentration of functionalized particles we used the known size of the core and estimated 
the cross-section functionalized particles. Using this method, we found that the relative concentration of each particle 
was approximately 35 percent, thus the surface comprised an equal mixture of all three particles. Clearly, this surface 
is highly heterogenous and the impact parameter, defined by the distance from the impacting particle to the center of 
the object, dramatically affects the observed secondary ions. We found that central impacts were characterized by 
the emission/detection of multiple Aun -ions while ultra-peripheral impacts were identified by the detection of 
multiple of SixOy -ions. Peripheral impacts, which sample the particle substrate interface, are characterized by the co-
emission of Aun  ions and SixOy  -ions. Due to the differences in the length of the ligands, peripheral measurements 
occurring closer to the core were more likely to contain decanethiol, while peripheral impacts occurring farther from 
the particle core were more likely to contain hexadecanethiol. Differentiating and isolating these measurements, 
allows for mass spectrometry evaluation of interfaces among nano-objects and between nano-objects and their 
support. This work was supported by the National Science Foundation grant CHE-1308312. 
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Invited session 2 

(Invited) In-situ and in-operando profiling of light elements in energy materials using coincidence techniques 

Vairavel Mathayana, Kenji Moritab, Bun Tsuchiyac, Rongbin Yed, Mamoru Babad, and Daniel Primetzhofera 
aDepartment of Physics and Astronomy, Uppsala University, Sweden, bDepartment of Research, Nagoya Industrial 
Science Research Institute, Japan, cFaculty of Science and Technology, Meijo University, Japan, dFaculty of Science 
and Engineering, Iwate University, Japan 

Depth profiling light elements such as Li and O in battery materials, or 3H, 3He in plasma facing components is vital 
for an improved understanding of energy materials. In particular, in-operando methods capable of light elements 
depth profiling are sought after to study, e.g. diffusion and trapping of constituents in batteries. Available techniques 
like nuclear reaction analysis (NRA) and neutron depth profiling (NDP), however, work only for certain isotopes with 
poor depth resolution [1,2]. Ion-beam based, high resolution methods, capable of depth profiling of several species 
simultaneously such as conventional ERDA feature very good depth resolution for light elements, but suffer from 
extensive background signals from scattering. Based on coincidence techniques, we present background free 
measurements of depth profiles of Li recoils from thin film batteries using 5-10 MeV primary Li ions and 4-10 MeV 
primary He ions [3]. We also showcase how to reconstruct the Li concentration profile from Li recoils spectra. 
Furthermore, we demonstrate in-operando coincidence ERDA methods using He and Li ions to study light elements 
transport in thin film batteries [4,5]. The potential and drawbacks of the employed coincidence methods will be 
discussed. 

[1]  R. Gonzalez-Arrabal et al., J. Power Sources 299 (2015) 587. 
[2]  Shasha et al., Nat. Commun. 9 (2018) 2152. 
[3]  Vairavel Mathayan et al., J. Appl. Phys. 130 (2021) 125306. 
[4]  Vairavel Mathayan et al., Appl. Phys. Lett. 117 (2020) 023902. 
[5]  Vairavel Mathayan et al., Mater. Today Energy 21 (2021) 100844. 

(Invited) Ion beam analysis with nanometer beams 

Gregor Hlawacek1 
1Institute for Ion Beam Physics and Materials Research, Helmholtz—Zentrum Dresden—Rossendorf, Germany 

Standard Helium Ion Microscopy (HIM) is providing best resolution gas field ion source based imaging and 
nanofabrication capabilities[1], but is lacking analytical capabilities. Elemental information in the HIM can be 
obtained using time-of-flight secondary ion mass spectrometry (TOF-SIMS). Here, the primary beam hits the sample 
in pulses as short as 20 ns.  Ionized sputtered particles from the sample are than analyzed with respect to their TOF. 
A lateral resolution of 8nm has been achieved [2]. I will present details of the implementation and show results 
obtained on materials for Li batteries [3] and Zn coated steel samples. 

In a different approach we developed scanning transmission ion microscopy (STIM) to reveal buried and structural 
information of the investigated samples. The implementation is based on a new detector based on a combination of 
MCP stack and a solid state delay line detector. This moveable ≈4Mpx detector has a spatially and time resolved 
count rate of 5 Mcps. It allows to record the scattering angle (<33°) and the energy of all transmitted particles [4]. In 
addition to mass-thickness contrast in bright and dark field also transmission channeling patterns can be obtained 
revealing the crystal structure of the sample. 

This work has been supported by BMWi grant 03ET7016, BMBF grant 03THW12F01, H2020 grant 720964, and FNR 
project C16/MS/11354626. 
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[1]  Hlawacek, G. & Gölzhäuser, A. (eds.) Helium Ion Microscopy. NanoScience and Technology (Springer 
International Publishing, Switzerland, 2016). 

[2]  Klingner, N., Heller, R., Hlawacek, G., Facsko, S. & von Borany, J. Time-of-flight secondary ion mass 
spectrometry in the helium ion microscope. Ultramicroscopy 198, 10–17 (2019). 

[3]  Wheatcroft, L. et al. Visualization and chemical characterization of the cathode electrolyte interphase using 
He-ion microscopy and in situ time-of-flight secondary ion mass spectrometry. ACS Applied Energy Materials 
3, 8822–8832 (2020). 

[4]  Serralta, E. et al. Scanning transmission imaging in the helium ion microscope using a microchannel plate 
with a delay line detector. Beilstein Journal of Nanotechnology 11, 1854–1864 (2020). 

Investigating the Sputtering of Planetary Surfaces 

P S Szabo1, H Biber1, N Jäggi2, D Weichselbaum1, A Niggas1, J Brötzner1, R Stadlmayr1, D Primetzhofer3, A Nenning4, A 
Mutzke5, J Fleig4, K Mezger6, H Lammer7, A Galli2, and  P Wurz2 and F Aumayr1 
1Institute of Applied Physics, Austria, 2Physics Institute, University of Bern, Switzerland, 3Department of Physics and 
Astronomy, Uppsala University, Sweden, 4Institute of Chemical Technologies and Analytics, Austria, 5Max Planck 
Institute for Plasma Physics (IPP), Germany, 6Institute of Geological Sciences, University of Bern, Switzerland, 7Space 
Research Institute, Austrian Academy of Sciences, Austria 

Atmosphereless bodies in the solar system such as Mercury, the Moon or the Martian moon Phobos are 
exposed to ion fluxes from different sources, causing an alteration of their surfaces as well as continuous 
erosion due to sputtering [1]. We investigate these effects in laboratory experiments using different silicate 
minerals as planetary analogs [2, 3]. Thin films of these materials are deposited on a quartz crystal 
microbalance with pulsed laser deposition, while thickness and composition of the samples are 
determined with ion beam analysis [4]. 

For the Moon, ion-induced erosion is largely caused by solar wind ions, which consists of 1 keV H+ and 4 

keV He2+ ions, with a minor contribution of heavier multiply charged ions [5]. For these samples, the 
sputtering yields of solar wind ions and different implantation effects for H and He are quantified [2, 6]. 

Here especially solar wind He2+ is found to play an important role in the alteration of planetary surfaces 
due to an additional potential sputtering [6]. 

The surface of Phobos is additionally exposed to a flux of O ions, which are created in the Martian 
atmosphere [7]. Sputtering yields by O ions are measured for different energies in the keV range and our 
results underline that these O ions significantly contribute to the total erosion of Phobos [8]. During these 
investigations some implantation of O ions is also observed, which supports assumptions that past traces 
of the Martian atmosphere could be stored in the regolith of Phobos [9]. 

[1] C.M. Pieters and S.K. Noble, J. Geophys. Res.: Planets 121.10 (2016), 1865. 

[2] P.S. Szabo, et al., Icarus 314 (2018), 98. 

[3] H. Biber, et al., Nucl. Instrum. Methods Phys. Res. B 480 (2020), 10.  

[4] M.V. Moro, et al., Thin Solid Films 686 (2019), 137416. 

[5] C.T. Russell, et al., Space Physics: An Introduction (Cambridge: Cambridge Univ. Press, 2016).  
[6] P.S. Szabo, et al., Astrophys. J. 891 (2020), 100. 
[7] Q. N0énon, et al., J. Geophys. Res.: Planets 124 (2019), 3385. 
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[8] P.S. Szabo, et al., J. Geophys. Res.: Planets 125 (2020), e2020JE006583.  
[9] Q. Nénon, et al., Nat. Geosci. 14 (2021), 61. 

O7: Equipment developments 

The prototyping of a high-resolution neutron activation analysis system based on a Pelletron accelerator and 
pneumatic sample transport 

R J W Frost, M Elfman, and J Lindsey-Clark 

Lund University, Sweden 

The Applied Nuclear Physics Group at Lund University has a history of applying neutron activation analysis (NAA) to 
environmental samples [1, 2]. The group has now developed the prototype for a new NAA setup [3], capable of 
measuring activation products with half-lives of as little as two seconds. This setup will form the basis for a 
measurement station to be used in conjunction with the future compact accelerator driven neutron source (CANS) at 
Lund. The immediate application of this setup will be to monitor for the presence of specific radionuclides in 
environmental samples, taken from around the European Spallation Source [4, 5], as part a project (SSM2021-787-8) 
funded by the Swedish Radiation Safety Authority. 

The prototype NAA setup is comprised of: a Genie 16 Sodern neutron generator for sample irradiation; a fast 
pneumatic conveyor for transporting samples; and a measurement station including two high purity germanium 
detectors. Due to the use of multiple detectors, the gamma-gamma coincidence technique may be applied for 
background suppression. Data analysis is supported by simulation performed in FISPACT-II [6]. For the future 
measurement station: the Genie 16 Sodern neutron generator will be replace by a CANS, driven by a 3 MV Pelletron 
accelerator [7]; and upgrades to both the sample transport system and detector systems will be performed. 

Presented is an overview of the development of the system prototype, its application to environmental monitoring and 
details of the planned future system. 

[1]  S. Boschi, B. Schmitz, F. Terfelt, et al. In 250 Million Years of Earth History in Central Italy: Celebrating 25 
Years of the Geological Observatory of Coldigioco. Geological Society of America (2019). ISBN 
9780813725420. doi:10.1130/2019.2542(19) 

[2]  S. Goderis, H. Sato, L. Ferrière, et al. Globally distributed iridium layer preserved within the Chicxulub impact 
structure. Science Advances, vol. 7 (2021). doi:10.1126/sciadv.abe3647 

[3] J. Lindsey-Clark. Development of a Neutron Activation Analysis station at the Lund Ion Beam Analysis Facility 
(2021) 

[4]  K. E. "Stenström, V. "Barkauskas, G. "Pedehontaa-Hiaa, et al. Identifying radiologically important ESS-specific 
radionuclides and relevant detection methods. Tech. rep., SSM (2020) 

[5]  G. "Pedehontaa-Hiaa, C. "Bernhardsson, V. "Barkauskas, et al. Region-specific radioecological evaluation 
of accidental releases of radionuclides from ESS. Tech. rep., SSM (2021) 

[6]  J.-C. Sublet, J. Eastwood, J. Morgan, et al. FISPACT-II: An Advanced Simulation System for Activation, Trans- 
mutation and Material Modelling. Nuclear Data Sheets, vol. 139 (2017), 77–137. 
doi:10.1016/j.nds.2017.01.002 

[7]  Perrey, Hanno, Elfman, Mikael, Fissum, Kevin, et al. From micro- to macro- neutron sources: The Lund 
Broad-band Neutron Facility. EPJ Web Conf., vol. 231 (2020), 01005. doi:10.1051/epjconf/202023101005 
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Development of a laser-synchronized ultrashort ion source: towards keV ion pulses with picosecond time resolution 

A Golombek, L Breuer, L Danzig, L Kalkhoff, P Kucharczyk, and M Schleberger, K Sokolowski-Tinten and A Wucher 

Universität Duisburg-Essen, Germany 

Ion beams are widely utilized within the field of solid-state physics and technological applications alike, as their 
potential for the analysis and manipulation of matter on the atomic scale is unprecedented. Apart from relatively few 
patterning applications using high energy ions, the main application fields utilize relatively low ion impact energies in 
the keV regime, where the interaction with the solid is governed by nuclear stopping and the dynamics triggered by an 
ion impact is dominated by atomic collisions. Up to date, these dynamics are exclusively accessible via computer 
simulations, which suggest that the relevant time scales reside in the picosecond or even sub-ps range. A direct 
experimental insight into these dynamics would require an ion source delivering ultra-short ion pulses, which can 
then be utilized as “pump” in a so-called pump-probe scheme, where a quantity of interest in the solid is measured 
using a time resolved probe at a tunable delay with respect to the pump. Since practically all probe schemes used in 
current ultrafast dynamics experiments are based on ultrashort laser pulses, we are currently developing a laser-
synchronized ion source providing picosecond time resolution at keV ion energies. 

The basic concept of the short pulse ion source [1] is to intersect a cloud of neutral rare gas atoms with a high- 
intensity femtosecond laser beam tightly focused to a spot size of about 10 µm, thus generating ions within a small 
effective ionization volume via photoionization. An ion-optical bunching setup consisting of three parallel electrodes 
provides first-order flight time focusing conditions for the ions accelerated perpendicularly to the laser propagation 
onto the third target electrode, which in the current stage of the project is mimicked by an ultrafast MCP detector. As 
the optical delay utilized in the prospective pump-probe experiments must match the total ion flight time and typical 
delay lines cannot sustain delays exceeding a few tens of nanoseconds with the required stability, the ion buncher is 
strongly miniaturized to ensure a total ion flight path of only a few millimeters, thereby demanding a precise 
micrometer-resolved in-situ alignment of each electrode independently as well as a precise steering of the laser focus 
within the ion buncher. 

The contribution will report on the current state of the project, where we first tested the functionality of the ion-optical 
bunching setup and the fs laser photoionization with Ar and Ne gas bled into the ionization chamber at room 
temperature [2]. The resulting width of 180 ps measured for the flight time distribution of 2-keV Ar+ and Ne+ ions is 
shown to be mainly determined by the random thermal starting velocity distribution of the precursor gas. We then 
characterized the supersonic beam as a source of cold neutral atoms at sub-Kelvin temperature both for Ar and Ne 
gas expansions. It is found that argon is not suitable for these experiments due to extensive cluster formation in the 
beam, which deteriorates the time resolution due to laser induced fragmentation in the ionization region. We 
therefore switched to neon as operating gas and present in-situ alignment measurements of the buncher electrodes 
and the ionization laser beam relative to the gas beam as well as the resulting flight time distributions of single Ne+ 
ions accumulated over several 1000 laser pulses. Under optimized conditions, we find a measured width of the order 
of 130 ps (FWHM) for the arrival time distribution of 2-keV Ne+ ions on the MCP detector. We will further demonstrate 
that this width is essentially limited by the measurement resolution and present an extrapolation method showing 
that the actual pulse width must be be at least one order of magnitude lower, thus rendering the gas cooling concept 
successful. 

[1] A. Breuers, M. Herder, P. Kucharczyk, M. Schleberger M, K. Sokolowski-Tinten and A. Wucher, New J. Phys. 
21 (2019) 053017. 

[2] A. Golombek, L. Breuer, L. Danzig, P. Kucharczyk, M. Schleberger, K. Sokolowski-Tinten and A. Wucher, New 
J. .Phys. 23 (2021) 033023. 
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XAHRM-Lab, an X-ray Advanced HiREDS Research and Metrology Laboratory 

M A Reis1,2, M Bühler3, P C Chaves1,2, A Fleischmann4, G Fonseca1,2, A Karydas5, and K Phelan6 
1C2TN, Instituto Superior Técnico, Portugal, 2Ad Fisicateca, Portugal, 3Low Temperature Solutions UG, Germany, 
4Kirchhoff-Institut für Physik, Universität Heidelberg, Germany, 5Inst. of Nuc. and Particle Phys, Greece, 6Kaon GmbH, 
Germany 

After the first-ever results on High Resolution Energy Dispersive PIXE (HiRED-PIXE) using X-ray microcalorimeters 
(XMS) were presented in 2010 [1,2], it became clear that XMS systems with resolving powers above 1000 combined 
with the low background characteristics of the PIXE technique could make HiRED-PIXE a replacement for Instrumental 
Neutron Activation Analysis as a reference technique in many applied research fields. As part of the AHEAD2020[3] 
project contributing to the objectives of JRA7 (Technology Innovation and Exploitation for Society), the first-generation 
C2TN HiRED-PIXE system is being upgraded into a novel Metallic Magnetic Calorimeter (MMC) detector and the 
chamber upgraded into a multi-techniques chamber. New benchmarks in HiREDS (PIXE and PIXE induced XRF, pXRF) 
will be set, and Total-IBA will also be aimed at by installing a particle detector for both RBS and backscattered 
particles counting as reference for pXRF. The resulting XAHRM-Lab facility will comprise: (i) in vacuum (1keV to 120 
keV) HiRED-PIXE possible to coupled to RBS/EBS ; (ii) in vacuum HiRED-pXRF system; and (iii) in air HiRED-PIXE and 
HiRED-pXRF systems. 

 

Fig.1: The XARHM- Lab facility. In this figure, a detail of the multi-geometry HiRED-PIXE (1 to 120 keV) is show n. The MMC 
detector (left) and the CdTe detector (right) are located both at 45º to the beam entrance. The pXRF system handler is located in 

the CdTe detector flange and can be manipulated without breaking the vacuum. 

[1]  M.A. Reis, et. al, High Resolution and Differential PIXE combined with RBS, EBS and AFM analysis of 
magnesium titanate (MgTiO3) multilayer structures, Nuclear Instruments and Methods in Physics Research B 
268 (2010) 1980-1985 

[2]  P.C. Chaves, A. Taborda, N.P. Barradas M.A. Reis, CdTe detector use for PIXE characterization of TbCoFe thin 
films, Nuclear Instruments and Methods in Physics Research B 268 (2010) 2010-2014 

[3]  AHEAD2020 (Integrating Activities for High Energy Astrophysics) H2020-INFRAIA-GA 871158, 
https://ahead.iaps.inaf.it/ 
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Innovative setup for fundamental studies of plasma-surface interactions  by in plasma Ion Beam Analysis and Raman 
Spectroscopy 

P Vinchon, S Atallah, M Chicoine, R Leonelli, A W Lussier, S Roorda, F Schiettekatte, and L Stafford 

Université de Montréal, Canada 

During deposition, modification, and etching of thin films and nanomaterials in reactive plasmas, a large number of 
active species can interact with the sample simultaneously. This includes reactive neutrals created by fragmentation of 
the feed gas, positive ions and electrons created by electron-impact ionization of the feed gas and fragments, excited 
states (in particular the long-lived metastable species), and UV photons due to the spontaneous de-excitation of excited 
atoms and molecules. In order to provide insights into the dominant role of each active species in specific plasma-
based processes of advanced materials, a unique system has been established combining beams of neutral atoms, 
positive ions, UV photons and a magnetron plasma. Furthermore, this setup is equipped with a unique ensemble of in 
plasma surface characterization tools. The reactor chamber is attached to an ion beam line of a 1.7 MV Tandetron 
accelerator generating a beam at grazing incidence that allows Rutherford Backscattering Spectrometry (RBS) to be 
carried out at high resolution near the surface. Elastic recoil detection (ERD) can also be used for standard ERD 
detection of H, but high resolution of surface H is available through nuclear reaction analysis. It makes possible to 
follow, in real time during deposition or etching, the concentration of various elements in the near surface in a 
quantitative way, including for example the stoichiometry and impurity content. In parallel, an optical port facing the 
substrate allows to perform Raman spectroscopy of the samples during plasma modification of the substrate. This 
system enables fast monitoring of a given Raman peak over nine points scattered on a surface of 2 mm2 without 
interference from the light emitted by the plasma. The evolution of a given Raman peak as a function of time is thus 
obtained in transient plasma and/or beam conditions. Coupled to the various plasma and beam sources, this unique 
set of in plasma surface diagnostic tools paves the way to transformative discoveries, notably in the understanding of 
the role of low-energy ions in defect generation for irradiation-sensitive material or for in plasma analysis of H-induced 
modification of complex materials.  

                                         

ToF-ERDA analysis and Monte-Carlo simulation of ERD and RBS data: Current status of the updated Potku software 

Fig. 1. V contribution of a VO2 layer on SiO2 to the 2 MeV 4He RBS 
spectra acquired in vacuo (solid orange curve) and in plasma (7.3 
mTorr, blue dots). The green dashed curve shows the difference. The 
spectrum acquired in plasma is shifted by about 4.5 keV with respect 
to the one acquired in vacuo, due to the stopping in the plasma. 
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M Laitinen, J Sundell, T Pitkänen, J Julin, H Rekilä, K Arstila, A Kauppi, J Koponen, M Kivekäs, S Jääskeläinen, S 
Kaiponen, S Siironen, T Tuovinen, and J Itkonen, J-P Santanen, and T Sajavaara 

Department of Physics, Faculty of Information Technology, University of Jyväskylä, Finland 

Potku is a GPL software for time-of-flight elastic recoil detection analysis (ToF-ERDA) [1]. Potku slab-analysis side 
was developed in 2013 and after 2018 MCERD [2] code was integrated to it. In Potku software one can analyze 
elemental depth profiles from the ToF-E coincidence data, monitor and correct elemental losses during the 
measurement and can correct kinematic broadening, for example. In Potku MC-simulations of ERD are made easy, 
but also normal He RBS or other measurements where multiple or plural scattering is an issue, such as heavy ion 
ERDA, can be MC-simulated. During 2021 first webinar-type “how-to” - presentation was also given to 45 
participants. More user webinars will follow in autumn. 

The most recent updates have concentrated to user friendliness and usability of the software. Latest upgrades include 
also JIBAL [3] integration, export options of the slab analysis energy data and whole bunch of continuing minor 
improvements. We now consider that Potku has matured to a phase where MC-analysis side can be used by anyone, 
also for the traditional RBS data. In the Fig. 1 is shown an example of the user interface of the MC-simulation window, 
where concertation scaling of elements is independent from the stopping calculation matrix. 

In this presentation, we will release and present the new version of Potku software for the IBA community and discuss 
also the already started work towards the browser-based ePotku. The newest version can be downloaded for 
Windows, iOS and Linux operating systems from the code development page GitHub. Ready compiled versions can 
be found more easily from the JYFL department page: https://tinyurl.com/z822debf 

 

 

Fig 1. Example of Potku user interface of the simulation side. For 200 nm thick Au film measured with 1 MeV He in RBS 
geometry, Potku can reproduce measured multiple scattering accurately. 

[1]  K. Arstila, J. Julin, M.I. Laitinen, J. Aalto, T. Konu, S. Kärkkäinen, S. Rahkonen, M. Raunio, J. Itkonen, J.-P. 
Santanen, T. Tuovinen, T. Sajavaara, Nucl. Instrum. Methods B, 331 (2014), p. 34. 

[2]  K. Arstila, T. Sajavaara, J. Keinonen, Nucl. Instrum. Methods B 174 (2001) p. 163. [3] JIBAL, Jyväskylä Ion 
Beam Library, https://github.com/JYU-IBA/jibal/ 
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O8: Software 

ToF-ERDA analysis and Monte-Carlo simulation of ERD and RBS data: Current status of the updated Potku software 

M Laitinen, J Sundell, T Pitkänen, J Julin, H Rekilä, K Arstila, A Kauppi, J Koponen, M Kivekäs, S Jääskeläinen, S 
Kaiponen, S Siironen, T Tuovinen, and J Itkonen, J-P Santanen, and T Sajavaara 

Department of Physics, Faculty of Information Technology, University of Jyväskylä, Finland 

Potku is a GPL software for time-of-flight elastic recoil detection analysis (ToF-ERDA) [1]. Potku slab-analysis side 
was developed in 2013 and after 2018 MCERD [2] code was integrated to it. In Potku software one can analyze 
elemental depth profiles from the ToF-E coincidence data, monitor and correct elemental losses during the 
measurement and can correct kinematic broadening, for example. In Potku MC-simulations of ERD are made easy, 
but also normal He RBS or other measurements where multiple or plural scattering is an issue, such as heavy ion 
ERDA, can be MC-simulated. During 2021 first webinar-type “how-to” - presentation was also given to 45 
participants. More user webinars will follow in autumn. 

The most recent updates have concentrated to user friendliness and usability of the software. Latest upgrades include 
also JIBAL [3] integration, export options of the slab analysis energy data and whole bunch of continuing minor 
improvements. We now consider that Potku has matured to a phase where MC-analysis side can be used by anyone, 
also for the traditional RBS data. In the Fig. 1 is shown an example of the user interface of the MC-simulation window, 
where concertation scaling of elements is independent from the stopping calculation matrix. 

In this presentation, we will release and present the new version of Potku software for the IBA community and discuss 
also the already started work towards the browser-based ePotku. The newest version can be downloaded for 
Windows, iOS and Linux operating systems from the code development page GitHub. Ready compiled versions can 
be found more easily from the JYFL department page: https://tinyurl.com/z822debf 

 

 

Fig 1. Example of Potku user interface of the simulation side. For 200 nm thick Au film measured with 1 MeV He in RBS 
geometry, Potku can reproduce measured multiple scattering accurately. 
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[2]  K. Arstila, T. Sajavaara, J. Keinonen, Nucl. Instrum. Methods B 174 (2001) p. 163. [3] JIBAL, Jyväskylä Ion 
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Simulation of ion scattering spectra using a novel binary collision approximation Monte Carlo program 

Hans Hofsäss, Felix Junge, Leonard Lieske, and Patrick Kirscht 

II. Institute of Physics, Georg-August University Göttingen, Germany 

We present an upgraded binary collision approximation (BCA) Monte Carlo software based on SDTrimSP [1] to 
simulate MeV light ion backscattering spectra, MeV light ion forward coincidence scattering-recoil (coincidence ERDA) 
spectra as well as low energy backscattering spectra as acquired in He ion microscopes. The upgrades include (i) 
implementation of different electronic stopping options for a wide energy regime, including the SRIM electronic 
stopping data or Ziegler-Biersack stopping, (ii) flexible free-flight path options between individual collisions, (iii) an 
option to enforce large angle scattering events with specific target species, and (iv) extended book-keeping options to 
extract coincidence scattering-recoil events and large angle scattering events. The software is also able to 
discriminate between single dual triple scattering events. As SDTrimSP, the program runs in parallel processing mode. 
Together with the implemented upgrades it is now able to simulate ion scattering spectra with good statistics in a 
computation time comparable to the time required for acquisition of similar experimental spectra. The BCA 
simulations automatically include energy and angular straggling, multiple scattering effects as well as detector solid 
angle issues. 

We present simulations of coincidence ERDA spectra for 2.5 MeV H on TiH2 thin films and polymer foils (experiments 
see ref. [2]) and 5 MeV Li on a 3.6μm thick Ti/LiMn2O4/Li3PO3N/Nb2O5/Ti Fig.1 (experiments see ref [3]). The 
simulations are compared with experimental data. We also demonstrate 30keV He backscattering spectra 
discriminated for single dual and multiple backscattering events. Other applications may be the simulation of LEIS 
spectra and  ERDA spectra  with the option to discriminate single dual and multiple scattering events. 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: Simulated C-ERDA Li-Li Spectrum for 5 MeV Li on the Li-battery structure described in the abstract. Shown is 
histogram of the sum energy of coincident Li-Li scattering events. As usual, the energy scale converts to a depth 
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scale. The C- ERDA events from the different layers containing Li are indicated in different colors. The decrease in 
count rate with decreasing energy is due to multiple small angle scattering. 

[1]  W. Eckstein, R. Dohmen, A. Mutzke, R. Schneider, MPI for Plasma Physics, IPP Report 12/3 (2007). 
[2] M. Saito, S. Koike, K. Holm, F. L. Bregolin, H. Hofsäss, Nucl. Instr. Meth B 450 (2019) 304 [3] V. Mathayan 

et al., Appl Phys. Lett. 117 (2020) 023902 

Edge dislocations in Ni monocrystalline structure studied by McChasy 2.0 Monte Carlo code 

Cyprian Mieszczynski1, Lech Nowicki1, Kazimierz Skrobas1, and Jacek Jagielski1,2 
1National Centre for Nuclear Research, NOMATEN CoE MAB+ Division, Poland, 2Lukasiewicz - Institute of 
Microelectronics and Photonics, Poland 

The main purpose of the McChasy code, in general, is to reproduce RBS/C experimental spectra by simulating He-
ions traveling inside the crystal structures and to calculate the probability of the backscattering process. The 2.0 
version of the code provides the possibility to simulate channeling spectra in large (ca. 10^8 atoms) created on the 
basis of crystallographic data or Molecular Dynamic (MD) calculations [1,2]. 

In this work, the current status of the code testing phase and result of recent investigations regarding simulations of 
extended structural defects (edge dislocations and loops) formed inside nickel single crystal are presented. The 
extended defects models are developed using McChasy and thermalized by MD - LAMMPS code. The models are 
used to simulate experimental RBS/C spectra and the atomic local environment is studied qualitatively and 
quantitatively by the local projectile-flux density distributions around the defects. 

[1]  J. Jagielski, L. Thomé, A. Chartier, O. Dorosh, C. Mieszczynski, I. Jozwik, Nucl. Instrum. Methods Phys. Res. B, 
435 (2018) 2-7 

[2]  L. Nowicki, J. Jagielski, C. Mieszczynski, K. Skrobas, P. Jozwik, O. Dorosh, Nucl. Instrum. Methods Phys. Res. 
B, 498 (2021) 9-14 

First Geant4 benchmarking study for Carbon Induced X-ray Emission 

Samer Bakr1, David D Cohen2, Rainer Siegele2, Sebastien Incerti3, Vladimir Ivanchenko4,5, Alfonso Mantero6, Anatoly 
Rosenfeld1,7, and Susanna Guatelli1,7 
1 Centre for Medical Radiation Physics, University of Wollongong, Australia, 2Centre for Accelerator Science, Nuclear 
Science and Technology Organization, Australia, 3Univ. Bordeaux, CNRS, France, 4 Geant4 Associates International 
Ltd, UK, 5Tomsk State University, Tomsk, Russia, 6 SWHARD s.r.l., Italy, 7Illawarra Health and Medical Research 
Institute, University of Wollongong, Australia 

Geant4 [1] is a general-purpose Monte Carlo toolkit, describing particle interactions in matter in the energy range 
from a few eV to TeV. In the context of PIXE-based elemental analysis, Geant4 allows one to model the composition of 
both homogeneous and heterogeneous targets, including gaseous samples for environmental applications, planetary 
samples for geological and space science studies, as well as archaeological samples. The precise simulation of the 
electromagnetic interactions of particles with matter is a critical requirement in various experimental fields. The 
Geant4 toolkit includes a variety of packages for this purpose: they are specialised for the different particle types, or 
the energy ranges they handle, or adopt different approaches in physics modelling [2]. Geant4 libraries include 
ionisation cross-sections databases for incident protons and alpha particles, while ionisation cross-sections for other 
heavy particles 𝜎𝜎ℎ(𝐸𝐸)  are scaled from the protons ionisation cross-sections. The scaling relation is:  
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𝜎𝜎ℎ(𝐸𝐸) = 𝑄𝑄2  ·  𝜎𝜎𝑝𝑝 �𝐸𝐸 ·  
𝑀𝑀𝑝𝑝

𝑀𝑀ℎ
�, 

where 𝐸𝐸 is the incident particle's kinetic energy, 𝑀𝑀ℎ is its mass, 𝑄𝑄2 is the square of the effective electric charge [3] in 
electron charge units, and 𝑀𝑀𝑝𝑝 is the proton mass. 

This work aims to experimentally validate the PIXE modelling based on the G4-ANSTO model [4] and the G4-default 
model. We compare for the first time the fluorescence X-ray spectra generated by the G4-ANSTO model and G4-default 
model, for targets irradiated with carbon ions with energies up to 35 MeV, a range of interest for PIXE applications. The 
comparisons were performed for a large set of sample materials spanning a broad range of target atomic numbers. 
These two approaches were compared to existing experimental measurements performed at the ANSTO heavy ion 
microprobe beamline. This work represents a first benchmarking study for PIXE simulation in Geant4 using carbon ions. 

The study showed that the Geant4-calculated X-ray emission spectra and the ANSTO experimental measurements were 
in a reasonably good agreement.  

[1] S. Agostinelli et al., “Geant4—a simulation toolkit,” Nucl. Instruments Methods Phys. Res. Sect. A Accel. 
Spectrometers, Detect. Assoc. Equip., vol. 506, no. 3, pp. 250–303, 2003. 

[2] S. Guatelli, A. Mantero, B. Mascialino, P. Nieminen, and M. G. Pia, “Geant4 Atomic Relaxation,” IEEE Trans. 
Nucl. Sci., vol. 54, no. 3, pp. 585–593, 2007. 

[3] A. V Bagulya, M. S. Vladimirov, V. N. Ivanchenko, and N. I. Starkov, “Heavy-particle energy loss simulation 
using the Geant4 toolkit,” Bull. Lebedev Phys. Inst., vol. 36, no. 5, pp. 127–134, 2009. 

[4] S. Bakr et al., “Latest Geant4 developments for PIXE applications,” Nucl. Instruments Methods Phys. Res. 
Sect. B Beam Interact. with Mater. Atoms, vol. 436, no. October, pp. 285–291, 2018. 
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O9: Detectors 

He+  LEIS analysis combined with pulsed jet technique of gas sensing mechanism on semiconductor gas sensor 
surfaces 

T T Suzuki, Y Adachi, T Ohgaki, and I Sakaguchi 

National Institute for Materials Science, Japan 

Low-energy He+ ion scattering spectroscopy (He+ LEIS) was combined with the pulsed jet technique to analyze 
the outermost surface of a Zn-ZnO (0001) substrate that is sensing trace ethanol (EtOH, 50 ppmv) contained in 
the air. The gas sensing response to EtOH by ZnO under static atmospheric pressure was successfully simulated 
by the periodically pulsed gas jet irradiation onto the surface while keeping the background pressure low 
enough to operate He+ LEIS. It was found that the gas sensing response to EtOH is due to the surface compositional 

change analyzed by He+ LEIS. Thus, the gas sensing response to EtOH is caused by adsorption of EtOH-related 
molecules on the surface, which governs the oxygen ionosorption. It was demonstrated that the combination of He+ 
LEIS and the pulsed jet technique is a useful approach to analyze the outermost surface of a gas sensor in the 
realistic working condition. 

[1]  T.T. Suzuki, Y. Adachi, T. Ohgaki, I. Sakaguchi. He+ LEIS analysis combined with pulsed jet technique of 
ethanol sensing by a ZnO surface. Applied Surface Science. 538 (2021) 148102. 

[2]  T.T. Suzuki, Y. Adachi, T. Ohgaki, I. Sakaguchi. Crystal plane‐dependent ethanol gas sensing of ZnO studied 
by low‐energy He + ion scattering combined with pulsed jet technique. Surface and Interface Analysis. 
53 (2021) 747. 
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[3]  T.T. Suzuki, Y. Adachi, T. Ohgaki, I. Sakaguchi, M. Nakamura, H. Ohashi, A. Aimi, K. Fujimoto. Electrical 
resistance response of a ZnO single-crystalline substrate to trace ethanol under pulsed air jet irradiation. 
Vacuum. 179 (2020) 109526. 

 

 

Fig. 1. (a) Schematic of the setup used for He+  LEIS combined with the pulsed jet technique. (b) Gas 
sensing response curves to EtOH (50 ppmv) at 673 K by the puled jet technique for various pulse width. 
The pulse interval was fixed to 5 s. (c) The intensity variation of the Zn and O peaks in He+ LEIS at 673 K 
during the repetitive switching of the irradiation gas between the air and the EtOH 50 ppmv-air. 

Ion beam testing of advanced functional electonic devices for space technologies 

Zeljko Pastuovic1, Thuy Linh Tran2, Jafar Shojaii3, Stefania Peracchi1,2, Valentino Liberali4,5, Alberto Stabile4,5, Luca 
Frontini4,5, Michael Lerch2, Marco Petasecca2, Rainer Siegele1, Angela Kok6, Marco Povoli6, Dale Prokopovich7, 
Anatoly Rosenfeld2, Ceri Brenner1, and David Cohen1 
1Centre for Accelerator Science, Australian Nuclear Science and Technology Organisation, Australia, 2Centre for 
Medical Radiation Physics, University of Wollongong, Australia, 3Faculty of Science, School of Physics, University of 
Melbourne, Australia, 4INFN sec Milano, Italy, 5University of Milan, Italy, 6SINTEF, Norway, 7MedAustron, Austria 

In this work, we present recent case studies of using the ANSTO nuclear microprobe and single ion techniques of IBA 
microscopy for characterisation and testing of advanced functional electronic devices for applications in space: i) SOI 
based devices for space radiation microdosimetry and ii) radiation-hardened SRAM chips in a nanoscale and ultra-
low-power CMOS technology.  

Secondary Electron Emission Microscopy (SEM) and Ion Beam Induced Charge (IBIC) microscopy have been used for 
optimisation of SOI devices’ configuration and operating electronic conditions to achieve the best possible radiation 
detection properties with sensitivity on a micrometre scale. We achieved close to ideal CCE equal to 1 with no cross-
talk between neighbour sensitive volumes for the latest generation of fully optimised 3D MEMS micro dosimeters, 
configured as arrays of individual cell-sized sensitive volumes based on P-N junctions, developed by the CMRP, 
University of Wollongong, and produced by the SINTEF. 

We will demonstrate SOI devices’ performance for measurement of microdosimetric quantities in proton fields and 
doses typically encountered in space using a proton therapy clinical machine to produce protons in 70-230 MeV range.   
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The high-precision scanning ion microbeam has been used for the study of Single Event Upset (SEU) in a custom-
designed radiation-hardened SRAM chip with a novel memory cell architecture developed for applications in harsh 
radiation conditions including Earth orbits, space, and high-radiation high-energy terrestrial facilities. IBA microscopy 
was used to identify critical components of the chip. Regions of interest have been selectively irradiated using scanned 
ion microbeam with gradually increasing currents in the 10pA – 800 pA range to achieve radiation doses between 10 
kRad and 500 MRad. No SEUs have been recorded up to a threshold dose of 500 kRad therefore, the chip is space-
qualified for satellite or spacecraft control and communications applications. We recorded a few SEUs during irradiation 
up to 100 MRad which is a threshold for high-energy accelerators such as the Large Hadron Collider experiment at 
CERN. At higher doses up to the maximum dose of 500 MRad radiation is causing permanent damages to the transistor 
doping and structures that affects the performance of the read-out and decoding circuits.    

 Keywords: space, nuclear microprobe, microdosimeter, SEU, SRAM chip 

Role of low energy Si ions in charge density phonon mode of TiSe2 

Utkalika P Sahoo and Pratap K Sahoo 

School of Physical Sciences, National Institute of Science Education and Research Bhubaneswar, India 

2D-dicharconide Titanium diselenide (TiSe2) is considered as an ideal system for exploring the charge density wave 
(CDW) state at low temperature. This state is formed by the periodic lattice distortion in the crystal lattice with 
creating new super-structures [1-2]. The electronic and optical properties of CDW materials can be altered by doping 
different elements. In this work, TiSe2 thin film was synthesized using chemical vapour deposition techniques and 
doped by 30 keV Si ion implantation in the fluence range of 5×1014 - 2×1016 ions/cm2 to study its phononic 
properties. The nanoscale layered hexagonal structure and modified surface morphology after ion implantation along 
with its elemental composition is confirmed by field emission scanning electron microscopy with EDS mapping. The 
X-ray diffraction spectra confirms the hexagonal TiSe2 crystal structures and the space group of p-3m1. The 
temperature dependent micro-Raman spectroscopy was performed to understand the CDW transition temperature. It 
has been observed that the CDW order enhanced till 5×1015 ions/cm2 and then supressed with higher fluence as 
compared to pristine TiSe2. Along with CDW variation, we also observed the quenching effect in photoluminescence 
emission after Si ion doping. The modulation of charge density phonon modes and optical properties can be 
explained in terms of defect or vacancy formation by ion implantation. Tuning the CDW order may be useful to control 
the electronic properties of the 2D material based devices. 

[1]  F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, M. I. K. P. Blake, and K. S. Novoselov, Nat. Mater. 6, 652 
(2007). 

[2]  David B. Lioi, 1 David J. Gosztola, Gary P. Wiederrecht, and Goran Karapetrov, Appl. Phys. Lett., 110, 
081901 (2017). 
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Application of Silicon Drift Detector in PIXE-T System of Fudan University 

Shimei Wang1,2, Tao Yu1, Jing Li2, Huanlu Xue1, Xin Liu1, Wei Zhang1, Yu Zhang1, Weiwei Wang1, Hao Shen1, and Bo Li2 
1Institute of Modern Physics, Applied Ion Beam Physics Laboratory, Fudan University, China, 2Research Center of 
Laser Fusion, China Academy of Engineering Physics, China 

In the Nuclear Microprobe Laboratory of Fudan University, Particle Induced X-ray Emission (PIXE) has invariably used 
the Si(Li) detector. However, as a traditional X-ray detector, the Si(Li) detector has a low counting rate. PIXE-
Tomography (PIXE-T) needs to collect projection data from multiple angles. The low counting rate leads to data 
collection requiring more than 15 hours of continuous. In recent years, high-count rate detectors such as the Silicon 
Drift Detector (SDD) have developed rapidly. Nevertheless, there is no report on their application to PIXE-T. This paper 
demonstrates the feasibility of applying the SDD to PIXE-T for the first time. We placed the Si(Li) detector and the 
SDD in symmetrical positions to collect X-rays emitted from a Cl-doped inertial confinement fusion (ICF) target 
simultaneously. The count rate of the SDD is about 5 times that of the Si(Li) detector. We used the MATLAB program 
compiled by our laboratory to correct the projection counting for non-linear X-ray production (NLXP), X-ray attenuation 
(XA), and unpenetrated. The Maximum Likelihood Expectation Maximization (MLEM) algorithm was used to 
reconstruct the projection layer by layer, and finally obtained the spatial distribution information of Cl in the 
polystyrene (PS) capsule. The reconstruction result of the SDD is more credible due to the more counts. 

Invited session 3 

(Invited) Using micro-PIXE to resolve questions of mineral nutrition and tolerance in plants 

Paula Pongrac1,2, Katarina Vogel-Mikuš1,2, Primož Vavpetič2, Mitja Kelemen2, Marjana Regvar1, and Primož Pelicon2 
1Biotechnical Faculty, University of Ljubljana, Slovenia, 2Jožef Stefan Institute, Slovenia 

Optimal development of all organisms depends upon proper provision of sufficient amounts of essential mineral 
elements, and the exclusion of those that are potentially harmful. The continuous cycling of elements in the food 
chain begins in the soil solution, where plants acquire elements with roots and transport them across their tissues, 
ending up, directly or indirectly, on our plates. Variation in the element compositions of edible plant-based produce is 
therefore of considerable importance for human nutrition. Particularly, seven elements (iron, zinc, magnesium, 
copper, calcium, selenium and iodine) are often lacking in human diets with the resulting negative impacts on health 
and wellbeing of more than two billion people worldwide. Substantial progress has been made in increasing 
concentrations of these elements in edible plant tissues to reduce malnutrition in a process called biofortification. 
This increase in density of elements in a crop can be achieved through plant breeding, transgenic techniques, or 
agronomic practices, and when biofortified produce is consumed regularly, measurable improvements in human 
health and nutrition are seen. Besides increasing density of essential elements, we also need to limit accumulation of 
those potentially harmful (e.g. cadmium, lead, arsenic, mercury) to edible plant tissues. However, concerted action is 
required to expand our understanding of uptake, transport and final deposition of essential elements and potentially 
harmful elements in edible plant tissues. Since majority of these elements can be detected using PIXE, we will 
present case studies where it was used to answer questions of mineral nutrition and tolerance in plants and discuss 
future challenges. 

(Invited) Laser-driven particle sources for the elemental analysis of materials 
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F Mirani1, A Maffini1, A Formenti1, F Casamichiela1, D Vavassori1, V Russo1, D Dellasega1, L Volpe2,3, D Calzolari4, A 
Pola1, and M Passoni1 

1Politecnico di Milano, Department of Energy, Italy, 2Centro de Laseres Pulsados (CLPU), Spain, 3Universidad de 
Salamanca, Spain, 4CERN, Switzerland 

In this talk, the potentials of laser-driven radiation sources for the elemental analysis of materials, investigated within 
the framework of the ERC-ENSURE project [1], are presented and discussed.  

Non-destructive analytical techniques based on charged particle-induced X-ray emission spectroscopy (PIXE, EDX) 
and photon activation (PAA) are well recognized as major tools in materials science. PIXE and EDX allow performing 
the surface analysis of solid samples exploiting MeV protons and keV electrons, respectively. On the other hand, PAA 
can be used for bulk analysis of materials via irradiation with 1-100 MeV energy photons. The exploited particle and 
radiation sources offer solutions that are, on one hand, adequate to the irradiation aim, but, on the other, can be 
dependent on the particular application and the specific particle beam needed. 

Because of their potential compactness and versatility, laser-driven radiation sources may offer an important 
breakthrough in the field of materials science [2, 3]. An extensively investigated approach for laser-driven particle 
acceleration involves the interaction of a super-intense (I > 1018 W/cm2) ultrashort (few J, ~10 fs) laser pulse with a 
µm-thick solid target. During the interaction, MeV energy ions and electrons with broad energy spectra are emitted. A 
unique feature of laser-driven sources is represented by the possibility of providing different particles with minor 
variations in the setup. For instance, the use of advanced near-critical Double-Layer Targets (DLTs) [2] allows 
enhancing both the energy and number of the accelerated electrons and ions.  

Here we present a numerical investigation, via Particle-In-Cell (PIC) and Monte Carlo Geant4 simulations, aimed at 
assessing the feasibility of laser-driven Particle Induced X-ray Emission [4]. Moreover, a numerical code for the 
interpretation of the X-ray spectra obtained with a laser-driven PIXE measurement was developed (i.e. retrieve the 
concentrations in homogeneous materials and the stratigraphic structures of multilayer samples). Then, the results of 
an experimental campaign aimed at performing a combined laser-driven Energy Dispersive X-ray spectroscopy and 
quantitative laser-driven PIXE analysis are shown [5]. The experiment has been carried out at the Centro de Láseres 
Pulsados (CLPU) in Salamanca with the 200 TW VEGA-2 laser. We consider as case study a non-homogeneous 
sample constituted by a micrometric surface layer and a thick substrate.  

Lastly, we present the results from a theoretical investigation aimed at assessing the applicability of laser-driven 
sources to Photon Activation Analysis. By coupling analytical modelling, PIC and Monte Carlo Fluka simulations, we 
show that the use of properly designed DLTs can allow generating 1-100 MeV photons useful for photonuclear 
activation of materials, thus, to carry out laser-driven PAA.  

These results provide new perspectives toward the development of versatile particle acceleration systems for multiple 
materials science studies. 

[1]  https://www.ensure.polimi.it/ 
[2]  M. Passoni, et al., Advanced laser-driven ion sources and their applications in materials and nuclear science, 

Plasma Phys. Control. Fusion, 14022, (2019), 62. 
[3]  M. Barberio, et al., Laser-Accelerated Proton Beams as Diagnostics for Cultural Heritage, Sci. Rep., 40415, 

(2017), 7. 
[4]  M. Passoni, et al., Superintense laser-driven ion beam analysis, Sci. Rep., 9.1, (2019), 1. 
[5]  F. Mirani, et al., Integrated quantitative PIXE analysis and EDX spectroscopy using a laser-driven particle 

source. Sci. Adv. 7, eabc8660 (2021). 
[6]  Mirani, F., et al., Superintense laser-driven photon activation analysis. Commun Phys 4, 185 (2021). 
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(Invited) Universal empirical and theoretical for an updated compilation of K x-ray production cross sections by 
protons  

Gregory Lapicki 

Department of Physics, East Carolina University, USA 

The relevance of x-ray production cross sec-tions (XRPCS) and the related ionization cross sections (ISC) in many 
research areas has been described at length and analyzed in detail [1]. X-ray emission cross sections by ion impact 
are a relevant input in many areas such as e.g., stud-ies of track structure in DNA [2], water [3], and biological 
matter [4]. Particle Induced X-ray Emission (PIXE) strongly requires trustworthy databases for XRPCS and/or reliable 
predic-tions of inner-shell ionization theories as peri-odically evaluated in Monte Carlo Geant4 simu-lations [5,6].  

To check if theories are accurate across the peri-odic table of elements and a large range of projectile energies, 
equally comprehensive databases are es-sential and a universal fit for them is desired. That fit should be in terms of 
a variable by which XRPCS are scaled with a minimum of adjustable parameters.  

For each target element, the compiled XRPCS [1] follow a single curve when plotted versus the ratio of the proton 
velocity v1 to the orbital velocity of v2L=Z2L//n of the inner-shell electron. Further-more, for all elements XRPCS peak 
at σLXmax(Z2L) when v1 = v2L. Hence, with v≡ v1/v2L, a universal fit to all compiled data  

σLX= σLXmax(Z2L)·exp[-(1+a1Z2L)v2+a2v7] (1)  

is made with just two adjustable parameters a1=0.00484 and a2=0.005. The predictions of the ECUSAR theory [7] 
can be also fitted in a similar fashion as done recently based on recently updated data and the revised universal 
empirical fit [8]. 

 

Fig. 1. With a standard deviation of 32%, the mean ratio of  5771 data to the universal experimental fit for L-shell XRPCS is 1.00. 
97% of these ratios are within a factor 2 from 1.00 [8]. 
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Fig. 2. With a standard deviation of 29%, the mean ratio of the same data as in Fig.1 to the EUSAR theory [7] is 1.03. 97% of 
these ratios are within a factor of 2 from the ideal ratio of 1.00 [8]. 

For this conference,  

1) universal empirical and theoretical fits to updated database will be re-viewed as it was done the L shell [8],  

2) over three decades old tables of K-shell XRPCS [9,10] will be updated with a new compilation,  

3) similar to the L shell, universal empir-ical and theoretical fits to these up-dated data will be presented for the K 
shell.  

References  
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O10: Methodology 

Multivariate analysis of PIXE+XRF and PIXE spectral images  

Iva Božičević Mihalić1, Stjepko Fazinić1, Marko Barac1, Andreas Germanos Karydas2, Alessandro Migliori3, Damir 
Doračić4  Vladan Desnica5, Domagoj Mudronja6, and Dragica Krstić7 

1Rudjer Boskovic Institute, Croatia, 2Institute of Nuclear and Particle Physics, Greece, 3Nuclear Science and 
Instrumentation Laboratory, International Atomic Energy Agency, Croatia, 4Archealogical Museum, Croatia, 5Academy 
of Fine Arts in Zagreb, Croatia, 6Natural Science Laboratory, Croatian Conservation Institute, Croatia, 7National and 
University Library in Zagreb, Croatia 

Although multivariate data analysis approach is already an established approach in different fields, it is not a common 
practice in XRF and is especially rarely reported in PIXE 2D analysis. In this work we demonstrate the usefulness of 
multivariate techniques for analysis of two-dimensional (2D) spectral images in comparison to traditional analysis of 
2D elemental maps obtained by proton beam ionization (PIXE mode) and combined proton beam and photoionization 
with X-ray tube (PIXE+XRF mode)1. Two different multivariate analysis approaches were used: (i) Principal Component 
Analysis (PCA) for dimensionality reduction followed by k-means clustering for the identification of different sample 
regions, (ii) t-Distributed Stochastic Neighbour Embedding technique (t-SNE) for dimensionality reduction. First one 
resulted in the fast image segmentation and identification of different sample regions while in the second, simple 2D 
visualization of high dimensional data was obtained. In this work both approaches are applied on three different 
examples: (i) one where simultaneous PIXE+XRF spectra were collected for qualitative 2D analysis with high number of 
counts per pixel; (ii) the other where PIXE spectra were collected for qualitative and semiquantitative 2D analysis with 
medium to low counts per pixel; and (iii) one where PIXE spectra were collected for qualitative and quantitative 2D 
analysis having medium to low statistics per pixel. Experiments and analysis were performed on three different samples: 
artificially created painted structure on a marble block, illuminations from the 15th century book and decorative 
medallion of the silver plate from the late Roman period. With multivariate analysis we identified all the pigments in 
artificial and real sample and quantitatively characterized the identified gold layer and Niello decoration on the 
archaeological plate (Fig. 1). 

 

Fig. 1 (a) analysed region of the medallion, (b) t-SNE plot, (c) corresponding positions on the sample from the encircled 
regions of the t-SNE plot, (d) average spectra obtained from the t-SNE (encircled) regions within the identified gold 
layer (C1 cluster).  

[1] I. Božičević Mihalić, S. Fazinić, M. Barac, A. G. Karydas, A. Migliori, D. Doračić, V. Desnica, D. Mudronja and 
D. Krstić, J. Anal. At. Spectrom., 2021, 36, 654–667. 

An artificial neural network algorithm for the simultaneous analysis of multi-detector RBS depth profiling 
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1Quantum Solid State Physics, KU Leuven, Belgium, 2IMEC, Belgium 

Rutherford backscattering spectrometry (RBS) allows to accurately obtain the compositional depth profile of thin 
films, providing a depth resolution on the order of several nm. Recently, in situ and in operando RBS tracking of 
changes in the sample composition as a function of time have gained a lot of interest. However, such real-time 
measurements typically yield a large data set, up to several hundreds of spectra. The analysis of this vast number 
of spectra can be time consuming and challenging, in particular for complex spectra, e.g. when signals are 
overlapping, due to small mass differences of the constituents, or because of layer roughness. Moreover, (multi-
)layered samples containing various alloying concentrations often result in spectra with degenerate solutions. This 
ambiguity of RBS can be reduced by measuring a second spectrum, using a different scattering configuration [1]. 
In combination with a detector in backscattering geometry (optimizing the mass resolution), it is especially 
advantageous to use a glancing detector geometry because of its optimal depth resolution. However, this makes the 
analysis even more time consuming. 

Artificial neural networks (ANN) showed to be an excellent tool for the analysis of large RBS data sets, enabling 
more accurate and more efficient results [2, 3, 4]. Although ANNs do not contain any of the physics normally 
associated with RBS, supervised learning with a simulated training set, containing the expected setup and target 
conditions, allows the network to accurately link an RBS spectrum to the compositional depth profile of the 
sample. An ANN merging backscattering and glancing geometry spectra as input to obtain the sample compositional 
depth profile allows a fast, simultaneous analysis. This approach addresses the ambiguity of RBS by means of (1) a 
two-detector setup and (2) the principles of thermodynamics, included in the training set [5]. This leads to a solution 
with a high level of confidence. Two-detector ANNs have been applied to the in situ RBS tracking of the thermal 
reaction of Ni with Ge1−xSnx. The phase formation is studied as a function of the annealing temperature, resulting in 
a data set of about 100 consecutive two-detector measurements. The low Sn concentration, the overlapping Ni and 
Ge signal, the layer roughness and the simultaneously growing phases make the analysis extremely challenging. In 
addition to the highly reliable depth profile acquired, the ANNs offer an unbiased decision making considering the 
temperature at which phases start forming or vanish. As an example, the ANN analysis of Ni/Ge1−xSnx/Ge after 
deposition is shown in Figure 1.  The network predicts the layer thickness of Ni and Ge1−xSnx, as well as the 
roughness of Ni. This ANN algorithm led to an analysis uncertainty of the layer thicknesses of about 2 % and an 
excellent correspondence between the RBS data and the simulation based on the ANN outcome. The strengths and 
limitations of this new approach will be discussed in detail. 

 

 

 

 

 

 

 

 

Fig. 1: RBS spectra of Ni/Ge0.914Sn0.086/Ge after deposition measured in (a) backscattering 
geometry and (b) glancing geometry. The experi- mental data are represented by the black triangles, 
the simulations based on the ANN output by the red solid line. 

This work is supported by the EU infrastructure network RADIATE (grant agreement 824096)
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Automated total micro-iba using advanced image processing and machine learning 

Daniel Solis1, and Hicham Khodja1 

1Université Paris-Saclay, CEA, CNRS, NIMBE, LEEL, France 

We have developed a Python code that aims in automatizing the analysis of generic micro-IBA data by 
associating statistical methods and machine learning algorithms. The code is organized in two parts: 
hyperspectral image analysis and composition prediction. In the first stage, main phases and local anomalies 
are detected separately using k-means[1] and DWEST[2] methods, respectively. Once the pixels from the 
hyperspectral images classified, the code extracts the spectra from the identified regions of interest. In 
the prediction stage, we use the model generated by a trained artificial neural network. The network is adaptive 
and fed with simulated particle and x-ray spectra generated from the SIMNRA and GULYS software codes to 
which we add realistic noise, escape peaks, and pile-up. For particle spectra, we paid particular attention 
to the cross section selection that goes beyond already implemented SIMNRA functionalities. To limit the 
impact of the simulation time on the overall code performance, we make use of data augmentation thus 
reducing the effective number of simulated systems to typically 1000. 

When using simulated data as input, we found that the trained neural network predicts stoichiometries and 
thicknesses with average errors in the 2 % range, even for complex targets composed of several elements and 
layers. Regarding realistic experimental data, the average errors can increase up to 5-10 % but we still get 
reasonable predictions. 

The code can combine data from RBS, NRA, ERDA and PIXE and should pave the way for fully automatized 
micro-ion beam analysis. 

[1] F. Marini and J. M. Amigo, “Unsupervised exploration of hyperspectral and multispectral 
images,” Data Handl. Sci. Technol., vol. 32, pp. 93–114, 2020, doi: 10.1016/B978-0-
444-63977-6.00006-7. 

[2] H. Kwon, “Adaptive anomaly detection using subspace separation for hyperspectral imagery,” 
Opt. Eng., vol. 42, no. 11, p. 3342, 2003, doi: 10.1117/1.1614265. 
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Fig. 1: Experimental (blue) and simulated (red) NRA and DIXE spectra from a mineral (Si, O, C, Mg, Al, K, 
Ca, Fe) coated with a carbon layer. Simulated spectra were calculated from the composition suggested 
by the neural network model. 

Aging of micro-patterned gaseous radiation detectors analyzed by ToF-SIMS 

Thiago B Saramela A1, Tiago F Silva1 , Clive Roberts2, Richard Hague2, Jisun Im2, Tien T Quach2, and Gustavo F 
Trindade2 

 1University of São Paulo, Brazil , 2University of Nottingham, UK 

The ALICE experiment at the Large Hadron Collider uses a time-projection chamber for particle tracking and 
identification. The readout planes were composed of multi-wire proportional chambers (MWPCs), enabling 
space and time sensitivity for the 3D reconstruction of the tracks. The MWPCs were replaced by a cascade of 
gas electron multipliers (GEMs) in a recent update for the high-luminosity mode of the LHC Run3. This new 
technology of gaseous detectors is based on micro-fabricated patterns and offers advantages of performance 
and radiation robustness. However, as with any gaseous detector of radiation, its aging process leads to 
degradation related to the formation of deposits on top of its electrodes. We employed time-of-flight secondary 
ion mass spectrometry (ToF-SIMS) to analyze the surfaces of GEM electrodes before and after use. The results 
enabled a better understanding of the aging process of GEMs and brought new light to this problem. We 
studied the case of a GEM that operated with Argon and CF4 gaseous mixtures and our findings indicate that, in 
this case, the avalanche of ionization induces etching of the dielectric material, of which residues deposit onto 
the GEM electrodes surface. We also show evidence that these deposits are responsible for inducing sparks 
that can damage the detector. We demonstrate that, differently from analyzing the carbon signal in an electron 
microscope, by studying the molecular fragments of the degraded electrode's surfaces with ToF-SIMS, we can 
better understand the origin of the organic deposits and model the aging process. 

O11: Clusters 

A practical guide to choosing the best Ar gas cluster ion beam for ToF SIMS measurements 

Naoko Sano, Allen Bellew, and Paul Blenkinsopp 

Ionoptika Ltd., UK 

Over the last decade, gas cluster ion beam secondary ion mass spectrometry (GCIB-SIMS) has emerged as a 
powerful tool for high resolution mass spectrometry imaging. Large cluster ions are significantly efficient at 
sputtering organic and biological materials and producing high yields of intact molecular ions.  

Comprehensive studies have been performed, both computational and experimental, to understand the 
sputtering dynamics of these clusters on surfaces. These studies have largely focused on the energy per atom, 
E/n, and its relationship with secondary ion yield. However, ion yield is not the only important result in a SIMS 
experiment such as etch rate and depth resolution, and these studies have not yet been able to describe in a 
practical sense what the best ion beam is for a particular application.  

In this work, we determine the relationship between cluster size and energy with the key parameters. In doing 
so we will provide a practical guide for choosing the best gas cluster ion beam for time of flight (ToF) SIMS 
measurements based on desired results. 
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Mono-layered Irganox 3114 film and Irganox 1010 film were selected for this work. ToF SIMS was performed on 
a J105 SIMS (Ionoptika Ltd, UK) equipped with a 70 kV GCIB source.  Data was obtained using (ArCO2)n+ gas 
cluster ion beams with a range of energies and sizes. Beam energies were chosen in the range 50 to 70 keV, 
and cluster sizes, n, between 1,000 and 14,000. 

We monitor etch rate, depth resolution, and secondary ion yield as a function of two parameters: ion beam 
acceleration energy, and cluster size.  Then other secondary parameters such as a function of energy per atom, 
E/n, and momentum, mv, are considered with the parameters for any universal equation.  

Initial results show that the momentum, mv, of the ion beam scales approximately linearly with etch rate. 
Conversely, depth resolution appears to scale inversely with momentum, possibly due to reduced impact 
energy. This result goes against conventional wisdom as it suggests a higher energy per atom (and thus a lower 
momentum) delivers better depth resolution.  

Future work will expand on this initial work and determine the limits to which these relationships are true, and 
what combination of parameters provides the best balance for most applications. We can thus determine the 
best combination of parameters for a given experiment.  

Experimental study of crater formation under gold cluster ions 

S Gouasmia Boussahoul1, Fares Boussahoul1, Milko Jakšić1, Serge Della Negra2, Dominique Jacquet2, 
Isabelle Ribaud2, Maja Mičetić2, and Zdravko Siketić2 

1Ruđer Bošković Institute, Croatia, 2CNRS/IN2P3, IJCLab, Universite Paris-Saclay, France 

Impingement of energetic particles (clusters) on solid surfaces is of tremendous interest as these impacts give 
rise to various interesting phenomena which are not well understood, such as surface erosion (sputtering, 
crater formation), implantation, etc. The study of the Crater formation is of foremost interest to space 
science, material modifications and surface analysis [1] and to various technological applications [2]. In this 
work, we have studied experimentally the crater formation induced by the individual impacts of 3 qMeV gold 

clusters delivered by the Andromede facility [3] with the fluence (~ 108- ions/cm2) onto a gold, silver and 
copper deposit on silicon substrate surfaces with different thicknesses (4, 20 and 40 nm) prepared by CMS-
18 system for preparation of thin layers by magnetron sputtering process. Samples have been characterised 
by PIXE and RBS. Atomic force microscopy (AFM) measurements have been performed with NX20 Park System 
to study the irradiated samples. The analysis of the gold irradiated samples reveals the formation of two types 
of surface erosion defects: simple and complex (with centrally and laterally positioned hillock) craters. A 
comparison between Au50, Au400 and Au700 cluster impacts is shown. The results of excavated atoms from 
the crater, crater depth, height of crater rim, radius, aspect ratio of the crater, crater volume are presented.  

[1]  Christian Anders, Eduardo M. Bringa, Fabricio D. Fioretti, Gerolf Ziegenhain, and Herbert M. Urbassek, 
Phys. Rev. B 85, 235440 (2012). 

[2]  I. Yamada, J. Matsuo, Z. Insepov, T. Aoki, T. Seki, and N. Toyoda, Nucl. Instrum. Methods Phys. Res., Sect. 
B 164– 165, 944 (2000). 

[3] Thanh Loan Lai, Dominique Jacquet, Isabelle Ribaud, Michael John Eller, Dmitriy Verkhoturov, 
Emile Albert Schweikert, Luiz Henrique Galvão Tizei, Fuhui Shao, Suheyla Bilgen, Bruno Mercier1, 
Gael Sattonnay, and Serge Della Negra, Journal of Vacuum Science& Technology B 38, 044008 
(2020). 

Topic: Cluster ion, Crater, High velocity cluster impact. 
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Cluster SIMS of Solid Surfaces Covered by Graphene: Data on Sputtering and Ion Emission via Single 
Cluster Projectile Impacts 

Stanislav V Verkhoturov1, Dmitriy S Verkhoturov1, Mikołaj Gołuński2, Sviatoslav Hrabar2, Zbigniew 

Postawa2, Andrei Kolmakov3, and Emile A Schweikert1 
1Department of Chemistry, Texas A&M University, USA, 2Department of Physics, Jagiellonian University, Poland, 
3National Institute of Standards and Technology, USA 

Introduction and parameters of experiments 

Impacts of cluster ions of C60 and Au400 (~1 keV/projectile atom) on free-standing graphene covered by 
molecular layers cause abundant ejection of atomic and molecular cluster ions in transmission direction [1]. 
For the case of C60 impacts, the mechanism of ejection is described with the “trampoline” model [1]. In 
contrast, we examine here, secondary ion emission from a bulk molecular target covered by a single layer of 
graphene (Fig.1a). 

The question to be addressed is: can a single impact of cluster projectile stimulate the ejection/emission 
process? One may speculate that the emission of molecular ions for this case will be enhanced due to electron 
tunneling [1]. On the other hand, if the graphene is robust enough, the ejection of molecules can be prevented 
by the graphene net around the impacting zone. These subjects are addressed below, with experimental and 
theoretical data. 

Two custom-built Cluster ToF SIMS devices with similar parameters were used. The experiments run in 
the event-by-event bombardment/detection mode; thus, the regime of bombardment

is super-static [2]. The primary cluster ions used were 50 keV C  2+ , and 520 keV Au 4+ . The sample 

consisted of a polymer layer of PMMA (thickness ~1 mm) covered by a single-layer 13C 
graphene. 

Results and discussion 

The experimental mass spectra are presented in Figure 1b,c. 
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The mass spectrum (b, red) does not show emission of PMMA fragment ions in comparison to pristine PMMA (no 
graphene on the top, bottom blue) where abundant emission was detected. Thus, the graphene layer suppresses 
ion emission. The MD simulations verify these results; the compression of the matter in the excitation volume around 
impact is not sufficient to destroy graphene. The case of 520 keV Au4004+ impacts is different (Fig. 1c). The mass 
spectrum consists of abundant PMMA fragments; thus, the single impact causes strong damage of graphene. The 
mechanism(s) of the sputtering/emission will be discussed. [1] S.V. Verkhoturov et al. J. Chem. Phys. 150 (2019) 
[2] M. Eller et al. Anal. Chem. 88 (2016) 

Acknowledgement: NSF Grant CHE-1308312, NIH Grant R01 GM123757-01, Polish National Science Center 
2019/33/B/ST4/01778, PLGrid Infrastructure Grant 

Progress Towards the Limits of Molecular Nano-Analysis with Event-by-Event Nanoprojectile-Sims 

M J Eller1, S V Verkhoturov2, D S Verkhoturov2, and E A Schweikert2 
1California State University, USA; 2Texas A&M University, USA 

Our approach is to probe surfaces with nanoprojectiles, NP, i.e. nanoparticles carrying a momentum sufficient for 
efficient ejection of secondary ions, SIs. The NPs we are currently using are C-60 (n/q=60 or 30), Au-400 
(n/q=100) and Au-2800 (n/q=350), with impact velocities ranging from 19 to 115km/s. Such impacts cause 
emission from surface spots of 10-20nm in diameter and from depths of up to 10nm. Bombardment-SI detection is 
in the event-by-event mode, i.e. a single NP impacts at any given time coupled with detection via time-of-flight, ToF, 
and recording of the SIs from the single event. This process is repeated at a rate of 1kHz. Bombardment is in a 
stochastic manner over a surface of 100 to 250 µm in diameter and for a few thousand seconds, amounting to 
testing 0.03 to 5% of the surface exposed to bombardment. The result is a listing of a few million mass spectra. 
Assuming that all impacts are equivalent, the data set can be examined for correlations. Indeed, the SIs from one 
impact arise from collocated moieties. They reveal homogeneity at the nanoscale, which translates into the ability to 
identify rare defects. The approach outlined here is also uniquely suited for characterizing isolated nano-objects of 
dimensions below 100nm. 

Results reported here have been obtained with custom-built instruments described elsewhere. One set-up uses a C-
60 effusion source, the other a gold liquid metal ion source with 25 and 100kV acceleration stages respectively. The 
ToF detection of SIs is either in the conventional reflection mode, or in transmission where specimens are deposited 
onto ultra-thin supporting materials resulting in a 5 to 10-fold enhancement in SI yields. In either mode impacts are 
detected via the emission of electrons or protons which in turn trigger the ToF measurement. The custom software, 
SAMPI, for data and correlation analysis has been described elsewhere. 

The methodology can assess molecular alignments and evaluate the homogeneity of molecular assemblies, 
polymer blends, and membranes. Combining identity of the SIs with the SI probability distribution, allows for 
nanoscale segregations to be distinguished from random ones. Applying this concept allows nanospots which 
deviate from the mean composition, at the level of one in 104 to 105, to be isolated. “Decision limit” detection is in 
the atto range, which corresponds under our experimental conditions to, for example, 55 Au atoms or 3 tagged 
proteins. 

For nano-objects with large surface to volume ratios, heterogeneity is a concern. To avoid ensemble averaging, 
assays should be on individual items. Direct or grazing impacts can be sorted based on the characteristics of the 
SIs. We demonstrate the ability to count nano-objects, to distinguish and identify those which differ only by their 
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functionalization, and to determine ligand loading on asymmetric objects. On dimensions below 20 nm, non-
equivalency of impacts prevails, yet it is still possible to distinguish organic moieties on these nano-object from 
ejecta arising from the substrate. 

Event-by-event nanoprojectile-sims features: unbiased molecular analysis (up to 1,500 Da) at the nanoscale, 
correlated SIs reveal nanometric homogeneity, hence ability to identify rare defects in synthesized or biological 
membranes. Last but not least the method is uniquely suited for molecular assays of individual nano-objects. 

Work supported by NSF, NIH, Dow, Intel Corp, Semiconductor Research Corp. 

Thursday 14 October 2021 

O12: Depth Profiling 

Assessing the quality of 3D-printed ALD films by Low Energy Ion Scattering  

Philipp Brüner1, Ivan Kundrata2, Maksym Plakhotnyuk2, Julien Bachmann2,3, Thomas Grehl1  

1IONTOF GmbH, Münster, Germany, 2ATLANT 3D Nanosystems, Denmark, 3Friedrich-Alexander Universität Erlangen-
Nürnberg, Germany 

In Atomic Layer Deposition (ALD), ultra-thin films are created in a repeated two-step fashion, by alternating 
adsorption of the chemical building blocks to the surface where they react to form the film. This method 
results in excellent homogeneity and thickness control, and also allows to be creative with the process itself. 
For example, miniaturizing a spatial ALD reactor for integration into a small print head enables 3D-printing 
of ALD films in arbitrary patterns on large areas of many cm² by lateral movement of the substrate. The 
lateral resolution of 400 µm is given by the size of the print head, while the  vertical resolution is determined by 
the ALD process itself, ideally reaching atomic layer resolution [1]. 
In this study, we use Low Energy Ion Scattering (LEIS) to assess the quality and the properties of the deposited 
films. We analyse the lateral homogeneity of the printing process with regards to film thickness, surface coverage, 
and film composition. The selectivity of the deposition is another important aspect: Any pattern comprises growth 
areas and non-growth areas, and the print head must ensure maximum selectivity, i.e. “contrast”, between 
these areas. Good detection limits in combination with high surface sensitivity allow LEIS to quantify trace 
amounts of deposited material on areas which should be free of the film, determining the selectivity 
quantitatively. 
We analysed line patterns for testing purposes, consisting of Pt and TiO2 films, and the ATLANT 3D company 
logo printed with Pt (Fig. 1). While LEIS is usually averaging over areas of a few mm², this type of sample 
requires a pixel-resolved analysis by scanning the ion beam. We demonstrate how the data obtained is evaluated 
to address the analytical questions outlined above. The LEIS data shows that the Pt film only reaches full coverage 
in the thicker parts of the film (Fig. 1), which indicates the growth of individual particles instead of continuous 
films. Excellent selectivity for the deposition of Pt is found, with a lower bound of at least 100 000 (ratio of 
material deposited on growth area vs. non-growth area). Analyzing the sub-surface LEIS signal originating from 
ion scattering processes below the surface allows determining film thickness up to a few nm in a laterally resolved 
way. 
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[1] Ivan Kundrata, Maksym Plakhotnyuk, Maïssa K. S. Barr, Sarah Tymek, Karol Fröhlich, Julien Bachmann: An 
Atomic-Layer 3D Printer [Conference presentation] ALD/ALE 2020 

 

 

Fig. 1: ATLANT 3D company logo printed with Pt, showing the surface coverage of Pt measured by LEIS. 

Filtering Properties of Epitaxial Boron Nitride 

Adrianna Wójcik1,2, Aleksandra K Dąbrowska1, Sylwia Kozdra2, Johannes Binder1, Andrzej Wysmołek1, and Paweł P 
Michałowski2 
1Faculty of Physics, University of Warsaw, Poland, 2Łukasiewicz Research Network – Institute of Microelectronics and 
Photonics, Poland 

The water desalination and purification processes based on membrane filtration have significantly developed due to 
considerable improvements in the technology of nanoporous 2D materials. In particular porous graphene [1] and 
molybdenum disulfide [2] have been demonstrated as promising candidates for water desalination. Molecular 
Dynamics simulation has shown that nanoporous boron nitride allows for effective salt rejection with high water 
permeability [3]. This together with the high thermal and chemical stability of boron nitride indicates its strong 
prospective for filtering applications. 

In this work, we demonstrate the potential of porous sp2-hybridized boron nitride grown by MOVPE for desalination 
of water. The investigated sample has complex morphology consisting of 

differently oriented flakes of various sizes yielding porous layers. The surface of the sample has been subjected to a 
heavy water-salt solution at various temperatures, and the Secondary Ion Mass Spectrometry (SIMS) technique has 
been used to investigate the diffusion of sodium, deuterium, and oxygen in the boron nitride structure. The obtained 
diffusion profiles show limited penetration of salt and simultaneous permeation of heavy water through the entire 
depth of the boron nitride sample. 

The analysis of the SIMS depth profiles has allowed for the determination of the activation energy and the diffusion 
parameter D0 of sodium in the investigated boron nitride sample. The estimated rate of the diffusion of heavy water 
at room temperature has been found to be four orders of magnitude higher than the diffusion rate of sodium  

(𝐷𝐷𝐷𝐷2𝑂𝑂=3,15∙10−13 cm2/s and 𝐷𝐷𝑁𝑁𝑁𝑁=2,16∙10−17cm2/s).
The presented results demonstrate that the porous 3D structure consisting of sp2-bonded BN acts like a sieve 
separating salt from water being, therefore, a promising material for its desalination. 
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Fig 1. SEM image of the sp2-bonded boron 

nitride 

Fig 2. SIMS depth profile measured for the BN 

sample heated at 45°C temperature. 
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Atomic depth-resolution characterization of MAX and MXenes using ultra-low energy secondary ion mass 
spectrometry 

Paweł Piotr Michałowski1, Mark Anayee2, Kanit Hantanasirisakul2, Tyler Mathis2, Sylwia Kozdra1, Adrianna 
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Ryszard Diduszko1, Yury Gogotsi1 
1Łukasiewicz Research Network – Institute of Microelectronics and Photonics, Poland, 2A.J. Drexel Nanomaterials 
Institute and Department of Materials Science and Engineering, Drexel University, USA 

Recent development in Secondary Ion Mass Spectrometry (SIMS) instrumentation enables reducing the 
impact energy of primary ions down to ~100 eV, thereby significantly enhancing the depth resolution. 
By establishing dedicated measurement procedures – tailored for specific samples – it is possible to 
push the boundaries even further and reach atomic depth resolution. Application of the SIMS technique 
for MAX and MXene characterization yields important direct information about their structure: 

• For some samples, oxygen atoms are incorporated in the carbon (X) sites. Thus, MAX and 
MXenes should be considered as early transition metal oxycarbides and not carbides as 
it is commonly assumed; 

• The composition of surface termination layers can be precisely monitored; 
• For some out-of-plane ordered MAX and MXenes, the transition metal layers are not fully 

separated. Measurements reveal that for Mo2TiC2 a perfect separation exists: Mo atoms 
occupy the outer layers, whereas Ti atoms occupy the inner layer only. In the case of Cr2TiC2 
partial mixing exists: Cr atoms occupy the outer layers, whereas Ti atoms occupy the inner 
layer in addition to some Cr atoms, thereby forming a solid solution on the M site. 

The ability of SIMS to unambiguously detect and identify all elements, starting with hydrogen, 
with atomic depth resolution, atomic layer by atomic layer, may prove invaluable for further 
development of MAX and MXenes. 
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Fig 1: An example of SIMS experiment with atomic depth resolution performed on Ti3AlC2 MAX sample. 

Depth profiling of ion-implanted in 2D and 3D samples by high-energy electron scattering 

H Trombini1,2, M Vos3, G G Marmitt4, F F Selau2, B P E Tee3, A M H de Andrade2, R G Elliman3, S Reboh5, P L 
Grande2 
1Medical Physics Laboratory, Federal University of Health Sciences of Porto Alegre, Brazil, 2Ion Implantation 
Laboratory, Institute of Physics, Federal University of Rio Grande do Sul, Brazil, 3Research School of Physics, 
Australian National University (ANU), Australia, 4Department of Radiation Oncology, University Medical Center 
Groningen (UMCG), The Netherlands, 5CEA-LETI, MINATEC, France 

The concentration and depth distribution of heavy ions implanted in low-Z targets can be achieved by studying 
the energy spectra of electrons scattered from the surface. For high- energy incoming electrons the elastic peak 
splits up in different components as the recoil losses depends on the mass of the scattering atom. This 
technique is often referred to electron Rutherford backscattering spectrometry (ERBS). Besides the elastic peak, 
the measurement can also see the consequences of electronic stopping as it records. Then the technique is 
usually referred to as reflection electron energy loss spectroscopy (REELS). In this work, Au ions were implanted 
with 30 and 300 keV in SiO2 and 30, 100 and 300 keV in Al and analyzed by ERBS/REELS [1,2]. The 
implanted Au fluence was checked with (ion) Rutherford backscattering using 2 MeV He+ ions. The range and 
straggling of the Au distribution after implantation were compared with simulations through SRIM/TRIM and 
TriDyn codes. Large changes in the REELS spectra are observed after Au implantation, but the nature of the 
change indicates that they are not due to modification of the dielectric function of the implanted layer, but 
should be interpreted as changes in the partial intensities that make up the spectrum. Two models are used to 
describe the results quantitatively. One method assumes v-shaped trajectories (i.e. only a single elastic 
deflection) and the REELS spectrum can then be calculated in a closed form. The other method is Monte-Carlo 
based simulation which allows for multiple elastic deflections. Both methods describe the experimental spectra 
quite well. To extend the depth profiling analysis to 3D samples, a FinFET like structure was studied [3]. The 
Monte Carlo method was used to simulate multiple elastic and inelastic interactions of the electrons with these 
3D structures and was indeed able to reproduce these experimental results, including the shadowing effects 
from the fins. These results open up new possibilities to 3D structures characterization through electron beams. 
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O13: Channelling 1 

Lattice Location of Th in CaF2 Using Ion Channeling: Towards a Nuclear Clock 

J Moens1, J G Correia2, U Wahl2, J L Cantin3, T Schumm4, L M C Pereira1, and A Vantomme1 
1Ku Leuven, Belgium, 2Universidade de Lisboa, Portugal, 3Sorbonne Université, France, 4TU Wien, Austria 

The performance of optical atomic clocks is mostly limited by external electric and magnetic 
perturbations. Therefore, Peik and Tamm [1] proposed to build a clock based on a nuclear transition. 
Such a nuclear clock is expected to outperform current electronic-shell-based atomic clocks, having 
applications in various modern fields, such as dark matter search, relativistic geodesy and monitoring 
potential temporal variations of fundamental constants. The 229Th isotope has an extremely low-
energy isomeric state (8.28 ±  0.17 eV [2]) that is within reach of current laser technologies, making 
it an ideal candidate for an optical nuclear clock application. This 229Th isomeric state has two 
possible decay channels towards the ground state:  radiative decay and internal conversion (IC). 
Because of a 109 difference in half-life, IC is the dominant channel. Blocking the IC decay channel 
is critical for future high- precision measurements of the transition energy and for the realization of a 
nuclear clock. 

According to density functional theory calculations, doping 229Th atoms into a CaF2 crystal can 
block the IC decay channel if the Th dopant takes its ground state configuration: Th4+ in a 
substitutional Ca site accompanied by two F- interstitials for charge compensation [3]. In this work 
we experimentally assess whether Th dopants occupy this ground state configuration in CaF2 doped 
during growth. The very large difference in mass between thorium and calcium allows to measure 
2D RBS/C scans of samples containing less than 1% Th with respect to Ca (Fig.1). These measured 
2D patterns were fitted to theoretical 2D patterns for various  Th lattice positions, simulated with 
FLUX, to determine which sites are occupied as well as their respective occupation fractions. This 
analysis process was also performed for the host Ca atoms. By comparing occupation  fractions  
of  both  host  and  dopant atoms,  we  find  a  1.01 ± 0.02  Ca  substitutional fraction for the Th 
dopant. In addition, electron paramagnetic resonance spectroscopy measurements indicate that the 
Th dopants are in a 4+ charge state. Therefore, the experimental results match the theoretically 
calculated ground state configuration, which blocks the IC decay channel of the 229Th isomeric 
state, thus opening the way for the realization of a solid state nuclear clock. 
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Fig. 1: 2D RBS/C scans of a CaF2 crystal doped with 232Th during growth. The number of counts per pixel 
is the sum over the channels corresponding to the Th signal from the top 400 nm of the sample. The four 
panels correspond to measurements near the four crystallographic axes indicated on the figure. 

[1]  E. Peik and C. Tamm, "Nuclear laser spectroscopy of the 3.5 eV transition in Th-229", EPL 61, 181-
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[2]  T. Sikorsky et al., "Measurement of the 229Th energy with a magnetic micro-calorimeter", Phys. Rev. 
Lett. 125, 142503 (2020) 

[3]  P. Dessovic et al., "229Thorium-doped calcium fluoride for nuclear laser spectroscopy", J. Phys.: 
Condens. Matter, vol. 26, p. 105402, 2014. 

RBS HEDGEHOG – New 680 msr RBS Setup for fastest channeling experiments and ultra-high sensitivity 
measurements  

N Klingner, R Heller, R Aniol, and M Steinert  

Helmholtz-Zentrum Dresden-Rossendorf, Institute of Ion Beam Physics and Materials Research, Germany  

RBS as one of the most widely used IBA methods requires a rather high beam fluence due to the small 
backscattering cross-section. Although the lack of measurement statistics can be compensated by a longer 
measurement time, this can only be applied to macroscopic beam spots and is not possible for sensitive 
samples or in a micro beam setup. Higher beam currents on the other hand would lead to increased pile-up 
contribution and thus reduce sensitivity for low abundance trace elements. Larger detectors are an easy means 
to increase the covered solid angle, however this is limited in terms of kinematic broadening and decreasing 
energy resolution due to increasing detector capacitance [1]. Multi-detector setups overcome this limitation and 
are attracting increasing interest in various laboratories. Geometric constraints, mechanical robustness, the cost 
of multiple MCA systems, as well as the difficulty of simultaneously analyzing data from the individual detectors 
make this a difficult but worthwhile endeavor. In this contribution, we report on our recently commissioned setup 
- namely, the "RBS hedgehog" located at the 3 MV tandem accelerator of the HZDR’ Ion Beam Center. A 
theoretical design study of the influence of different detector configurations on the kinematic broadening for 
different energies and ion species is discussed prior to the introduction to the used in-house designed and 
fabricated PIPS detectors and MCA systems. The setup is equipped with 78 independent RBS detectors 
arranged in 5 concentric rings with backscattering angles from 165° to 105° covering a total solid angle of 680 
msr - equivalent to 34% of the total backscatter angle. The 78 independent MCA systems can handle up to 8 
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Mega counts per second. The setup enables fast channeling maps and ultra-high sensitivity measurements and 
multiple scattering angles partially resolve the ambiguity of RBS. We present initial experimental results for 
various projectiles and energies. The difficult task of combining and analyzing and fitting the measurement data 
from all detectors, is presented in a separate contribution [2].  

[1]  Klingner, N., Vogt, J., & Spemann, D. (2013). NIMB, 306, 44-48.  
[2]  See contribution “Simultaneous and Automated RBS Spectra Fitting for Multi Detector Setups by 

Application of an Evolutionary Algorithm” by R. Heller, N. Klingner.  

Ion channelling contrast using transmission keV He+ ions: Quantitative imaging of isolated nanoscale crystalline 
defects 

Santhana Eswara1, Saba Tabean1, Michael Mousley1, Christoph Pauly2, Olivier De Castro1, 

Eduardo Serralta3, Nico Klingner3, Frank Mücklich2, Gregor Hlawacek3, and Tom Wirtz1 
1Luxembourg Institute of Science and Technology (LIST), Materials Research and Technology Department, 
Luxembourg, 2Saarland University, Saarbrücken, Germany, 3Helmholtz-Zentrum Dresden-Rossendorf, Germany 

Scanning Transmission Ion Microscopy (STIM) using 25 keV He+ ions was performed using a newly developed 
microscope prototype, namely npSCOPE, which uses a Gas Field Ion Source (GFIS) column and detects the 
transmitted particles with a position and time sensitive Delay-line Detector (DLD). A 35 nm thick single 
crystalline [100] oriented silicon as well as a 50 nm thick free-standing polycrystalline gold membrane samples 
were imaged in STIM mode. The images exhibit excellent contrast due to ion channelling and reveal rich 
structural details. For the case of the gold sample, isolated nanoscale twin bands were imaged with excellent 
contrast in STIM while they were hardly visible in the conventional ion-induced Secondary Electron (SE) mode. 
Transmission Kikuchi Diffraction (TKD) and Backscattered Electron (BSE) imaging were performed on the same 
regions of the gold sample to correlate and confirm the microstructural features observed in STIM. Monte Carlo 
simulations of the ion and electron trajectories were performed with parameters similar to the experimental 
conditions to obtain insights related to beam broadening and its effect in the degradation of transmission image 
resolution. For the experimental conditions used, STIM imaging showed a lateral resolution better than 30 nm. 
Dark twin bands in bright grains as well as bright twin bands in dark grains were observed in STIM. Some of the 
twin bands were invisible in STIM. For the specific experimental conditions used, the ion transmission efficiency 
across a particular twin band was found to decrease by a factor of 2.8. Surprisingly, some grains showed 
contrast reversal when the Field of View (FOV) was changed indicating the sensitivity of the channelling contrast 
to even small changes in imaging conditions. These observations will be discussed using ion channelling 
conditions and crystallographic orientations of the grains and twin bands. This study shows for the first time the 
potential of STIM imaging using keV He+ ions to quantitatively investigate channelling in nanoscale structures 
including isolated crystalline defects. With the use of DLD detector, 2D images of the detector are obtained at 
each single position of the raster resulting in a 4D datasets. This enables the possibility to locally probe the 
transmitted ion intensity and the scattering angle at nanoscale and at individual pixels. This unprecedented 
level of quantitative information about the characteristics of the transmitted ion and neutrals opens the door for 
more advanced experiments in both fundamental science as well as in materials science applications. 
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Fig. 1: STIM images of (A) 35 nm thick single crystalline Si oriented along [100] and (B) 50 nm thick 
polycrystalline gold with nanoscale twin bands where dark bands in a white grain and bright bands in dark 
grains are due to ion channelling contrast. 

Crystallization and properties of SiGeSn alloys fabricated by ion implantation 

C Ekeruche1, M Davila1, P J Simpson2, and L V Goncharova1 

1Department of Physics and Astronomy, The University of Western Ontario, Canada 
2Currently at Department of Computer Science, Mathematics, Physics, and Statistics, The University of 
British Columbia, Okanagan Campus, Kelowna, British Columbia, V1V 1V7 

Ion implantation is a powerful strategy for fabricating optimized SiGeSn ternaries. The technique allows 
seamless exploration of multiple compositions of the alloy for properties as new materials for optoelectronics. 
There is a research trend to optimize new Si photonics materials for the synergic integration of 
electronics and photonics, to provide a route for developing new infrared detector technologies for 
optoelectronics applications. We focus on photodetectors for Si photonics and try to mitigate the limitations 
of Si as a photon detector, by developing optimized SixGe1-x-ySny photodetector materials for short infrared 
wavelength (SWIR) range operation. 

A 4 × 4 matrix of SixGe1-x-ySny alloy was fabricated by ion implantation to obtain different 
compositions of Si, Ge and Sn (Si, x = 0.7 - 1.0, Sn, y = 0 - 0.08) for operation at wavelengths of 1.2 – 
1.5µm. Tunable bandgap semiconductor materials were achieved by controlling the composition. Sn 

segregation and defects were minimized by annealing at 400oC, 600oC, or 800oC for 30 minutes in forming 
gas. The composition, depth profile, and effects of annealing were determined by Rutherford 
Backscattering Spectroscopy (RBS) analysis (with channeling), and data were analyzed to determine the 
energy gap and wavelength of operation of the samples. Spectroscopic Ellipsometry was used to study 
changes in optical properties in the 600 - 1200nm range due to alloying; SiGeSn alloy samples exhibit very 
different optical behavior from the Si reference sample, for instance the lowering of Si penetration depth 
due to alloying. No strong evidence of Sn segregation was observed from X-ray Photoelectron Spectroscopy 
(XPS) analysis which was used to study the chemical states of the alloy. RBS revealed more diffusion of Sn 

and Ge into the bulk at 600oC and 800oC than for the ‘as is’ and 400oC annealed samples. This SiGeSn alloy 
growth by ion implantation provides an effective way to achieve monolithic integration on a Si wafer, and thus 
provides an attractive alternative for development of SWIR detectors in a broad wavelength range. 
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O14: Cross Sections/Straggling 

Differential Cross–Section Measurements and R–matrix Calculations for Proton Elastic Scattering on natMg in 
the Energy Range Ep = 2.45–4.25 MeV, Suitable for EBS 

M Kokkoris1, E Alvanou1, M Axiotis2, S Harissopulos2, and A Lagoyannis2, F Maragkos1, E Ntemou1,2, and N 
Patronis3 

1Department of Physics, National Technical University of Athens, Greece, 2Tandem Accelerator Laboratory, 
Institute of Nuclear and Particle Physics, Greece, 3Department of Physics, University of Ioannina, Greece 

Alloys of natural magnesium (24Mg 78.99%, 25Mg 10%, 26Mg 11.01%) exhibit remarkable physical 
properties, like, e.g., light weight and excellent heat dissipation, which, along with their wide availability, make 
them widely popular for use in electronics, in the construction of lightweight and superconducting materials and 
in various other applications. The existence of magnesium in scientific and technological materials creates the 
need for the development of precise analytical tools for the quantitative determination of its concentration depth 
profiles inside various matrices. One of the most promising IBA techniques in this regard is p–EBS. The analysis 
of magnesium in deeper layers, however, is currently impeded by the relative lack of experimental differential 
cross–section datasets for proton energies higher than 2.7 MeV, a fact which consequently limits the existing 
SigmaCalc evaluation, currently covering the Ep,lab = 0.7–2.7 MeV energy range. In this study, measurements 
for the determination of the natMg(p,p0)natMg differential cross–section values were carried out via the relative 
measurement technique, in the energy range Ep,lab = 2700–4250 keV for 6 backscattering detection angles, 
namely 120o–170o, with a 10o step, producing a coherent set of data. The measurements were performed 
using the Van de Graaff Tandem 5.5 MV Accelerator of N.C.S.R. “Demokritos” in Athens, Greece. The target was 
produced in the same laboratory and it was based on a thin self–supporting carbon foil upon which natMg was 
evaporated, along with an ultra–thin layer of Au on top for protection and normalization purposes. Based on the 
characteristics of the 24Mg(p,p0) elastic scattering, the acquired experimental data and the existing evaluation, 
R–matrix calculations using the AZURE code [1] were performed. These calculations seem to permit the 
satisfactory extrapolation of the evaluated differential cross–section values for energies between Ep,lab = 0.7 to 
4.25 MeV, for every detection angle between 120o to 170o.  

[1]  R. Azuma et al., Physical Review C81 (2010) 

Semi-empirical and empirical calculation of 𝑲𝑲𝑲𝑲⁄𝑲𝑲𝑲𝑲 intensity ratios for Low-Z Elements 

A Hamidani1, A Kahoul1, S. Daoudi1, J M Sampaio2, J P Marques2, K Meddouh1, N Kup Aylikci3, V Aylikci4, Y 
Sahnoune1, and Y Kasri5  

1Department of Matter Sciences, Faculty of Sciences and Technology and Laboratory of Materials Physics, 
Radiation and Nanostructures (LPMRN),, Mohamed El Bachir El Ibrahimi University, Algeria, 2LIP – Laboratório 
de Instrumentação e Física Experimental de Partículas and Faculdade de Ciências da Universidade de Lisboa, 
Portugal, 3Department of Energy Systems Engineering, Faculty of Engineering and Natural Sciences, Iskenderun 
Technical University, Turkey, 4Department of Metallurgical and Materials Engineering, Faculty of Engineering and 
Natural Sciences, Iskenderun Technical University, Turkey, 5Theoretical Physics Laboratory, Physics Department, 
University of Bejaia, Algeria 

In the present work, all the experimental 𝐾𝐾𝐾𝐾/𝐾𝐾𝐾𝐾 X-ray intensity ratios taken from distinctive sources for 
elements from 11Na to 20Ca are tabulated. A detailed analysis of these data and a table with weighted average 
values of the intensity ratios (𝐾𝐾𝐾𝐾 ⁄ 𝐾𝐾𝐾𝐾)𝑊𝑊 is presented. New recommended values (𝐾𝐾𝐾𝐾 ⁄ 𝐾𝐾𝐾𝐾)𝑊𝑊𝑊𝑊 for these rates 
are obtained dividing the experimental ratios ((𝐾𝐾𝐾𝐾 ⁄ 𝐾𝐾𝐾𝐾)𝐸𝐸𝐸𝐸𝐸𝐸) by the weighted ratios ((𝐾𝐾𝐾𝐾 ⁄ 𝐾𝐾𝐾𝐾)𝑊𝑊), and removing 
out-of-range values (less than 0.9 or greater than 1.1) [1]. At that point, new empirical average 𝐾𝐾𝐾𝐾/ 𝐾𝐾𝐾𝐾 X rays 
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intensity ratios were deduced for elements in the range 11≤Z≤20 using an interpolation that involves the well-
known analytical function [(𝐾𝐾𝐾𝐾 ⁄ 𝐾𝐾𝐾𝐾)𝑊𝑊𝑊𝑊/(1 − (𝐾𝐾𝐾𝐾 ⁄ 𝐾𝐾𝐾𝐾)𝑊𝑊𝑊𝑊)]1/4 as a function of the atomic number Z [2-3], as 
shown in Fig.1. Semi-empirical average Kβ/Kα X rays intensity ratios were also deduced by fitting the ratio 𝑆𝑆 = 
(𝐾𝐾𝐾𝐾 ⁄ 𝐾𝐾𝐾𝐾)𝐸𝐸𝐸𝐸𝐸𝐸/(𝐾𝐾𝐾𝐾 / 𝐾𝐾𝐾𝐾)𝑊𝑊𝑊𝑊. A comparison was made with other theoretical, experimental and empirical values 
reported in the literature. An evident correlation was observed between our result and other works. 

 

 Fig. 1: Distribution of [(𝐾𝐾𝐾𝐾 / 𝐾𝐾𝐾𝐾)𝑊𝑊𝑊𝑊(1 − (𝐾𝐾𝐾𝐾 / 𝐾𝐾𝐾𝐾)𝑊𝑊𝑊𝑊)]14 ⁄as a function of atomic number. 

[1]  S. Daoudi, A. Kahoul, N. Kup Aylikci, J.M. Sampaio, J.P. Marques, V. Aylikci, Y. Sahnoune, Y. Kasri, B. 
Deghfel. At. Data Nucl. Data Tables 132, 101308 (2020).  

[2]  A. Kahoul, N. Kup Aylikci, V. Aylikci, B. Deghfel, Y. Kasri, M. Nekkab. Radiat. Res. Appl. Sci. 7, 346 
(2014).  

[3]  N. Kup Aylikci, V. Aylikci, A. Kahoul, E. Tirasoğlu, I.H. Karahan, E. Cengiz. Phys. Rev. A 84(4), 042509 
(2011). 

L-shell fluorescence yield for heavy elements with 80≤Z≤96 

K Meddouh1,2, A Kahoul1,2, S Daoudi1,2, J P Marques3,4, J M Sampaio3,4, A Hamidani1,2, N Kup Aylikci5, V Aylikci6,  
Y Sahnoune1,2, Y Kasri7 
1Faculty of Sciences and Technology, Mohamed El Bachir El Ibrahimi University, Algeria, 2Radiation and 
Nanostructures (LPMRN), University of Mohamed El Bachir El Ibrahimi, Algeria, 3LIP – Laboratório de 
Instrumentação e Física Experimental de Partículas, Portugal, 4Faculdade de Ciências da Universidade de Lisboa, 
Portugal, 5Department of Energy Systems Engineering, Faculty of Engineering and Natural Sciences, Iskenderun 
Technical University, Turkey, 6Department of Metallurgical and Materials Engineering, Faculty of Engineering and 
Natural Sciences, Iskenderun Technical University, Turkey, 7University of Bejaia, Algeria 

The theoretical, experimental and analytical methods for the calculation of L-shell fluorescence yield (𝜔𝜔𝐿𝐿) of 
different elements are very important because of the large number of their applications in various areas of physical 
chemistry and medical research. In this contribution we report a new parameter for calculation of 𝜔𝜔𝐿𝐿. A large 
database of experimental L-shell fluorescence yield for elements with atomic number 80 ≤ Z ≤ 96, is collected 
from various sources to deduce an empirical L-shell fluorescence yield. Firstly, the weighted average values 
(𝜔𝜔𝐿𝐿−𝑊𝑊) of these data were calculated for each element separately. Then, a new recommended values (𝜔𝜔𝐿𝐿−𝑊𝑊𝑊𝑊) 
for these parameter are obtained by dividing the experimental ratios (𝜔𝜔𝐿𝐿−𝐸𝐸𝐸𝐸𝐸𝐸) by the weighted ratios (𝜔𝜔𝐿𝐿−𝑊𝑊) 
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and removing out-of-range values (less than 0.9 or greater than 1.1) [1]. The experimental data are interpolated 
by using the famous analytical function  [𝜔𝜔𝐿𝐿−𝑊𝑊𝑊𝑊 (1 − 𝜔𝜔𝐿𝐿−𝑊𝑊𝑊𝑊)⁄ ]1 4⁄  vs Z to deduce the empirical L-shell fluorescence 
yields [2], as shown in Fig.1. A comparison is made between the results of the procedures followed here and those 
theoretical and other semi-empirical and empirical fluorescence yield values. Reasonable agreement was 
typically obtained between our result and other works. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1:  Distribution of [𝜔𝜔𝐿𝐿−𝑊𝑊𝑊𝑊 (1 − 𝜔𝜔𝐿𝐿−𝑊𝑊𝑊𝑊)⁄ ]1 4⁄   as a function of atomic number Z. 
  
[1] S. Daoudi, A. Kahoul, N. Kup Aylikci, J.M. Sampaio, J.P. Marques,  V. Aylikci, Y. Sahnoune, Y. Kasri, B. 

Deghfel. At. Data Nucl. Data Tables 132, 101308 (2020). 
[2]  N. Kup Aylikci, V. Aylikci, A.  Kahoul, E. Tirasoğlu, I.H. Karahan, E. Cengiz. Phys. Rev. A 84(4), 042509 

(2011). 

Updated empirical formula for the electronic straggling of protons in matter 

F F Selau1, H Trombini1,2, R C Fadanelli1, M Vos 3, P L Grande1 

1Ion Implantation Laboratory, Instituto de Física, Universidade Federal do Rio Grande do Sul , Brazil, 
2Medical Physics Laboratory, Universidade Federal de Ciências da Saúde de Porto Alegre, Brazil,  
3 Research School of Physics, Department of Electronic Materials Engineering, The Australian National 
University, Australia 

The energy-loss straggling is a basic quantity, which describes the energy loss fluctuations of ions 

slowing down in matter [1,2]. Typically, the variance a2 and mean energy-loss 〈ΔE〉 are proportional 
to the ion path length and therefore the effect of energy-loss fluctuations a/〈ΔE〉 is more important 
for short traveled distances and low-medium projectile energies. For proton energies larger than 
typically 10 keV the energy loss straggling due to the interaction with target electrons dominates. 
This is the so-called electronic straggling and is well described at high projectile energies by the Bohr 
formula [3]. The electronic energy-loss straggling affects the depth resolution in ion-beam analysis 
techniques such as in Rutherford Backscattering Spectrometry (RBS), Nuclear Reaction Analysis 
(NRA) and Medium Energy Ion Scattering (MEIS). Typically, the electronic straggling increases with 
increasing ion velocity and saturates at the value given by the Bohr formula. Different formulas, based 
mainly on free electron models, were proposed [4–7] but their accuracy for medium-energy ions is 
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generally not good enough to describe energy-loss spectra provided by high-resolution ion beam 
experiments. In this work we investigate the energy-loss straggling of low and medium  energy 
protons on available simple materials (C, Al, Si, Ni, Cu, Zn, Ge, Se, Pd, Ag, Sb, Pt, Au, Pb) and 
demonstrate that the well-known Yang-O’Connor-Wang empirical formula for the energy-loss 
straggling of protons in matter has a clear physical interpretation. This formula predicts, on empirical 
grounds, energy-loss straggling values for protons that exceed the values of traditional straggling 
formulas (e.g., by Lindhard and Chu) at energies around 0.3 MeV/amu by a factor of 2–3. This excess 
is correlated to the bunching effect, which comes from the inhomogeneity feature of the electron 
density. This effect is specific to each element and can be calculated using, e.g., the CasP and PASS 
programs, a single formula correlates better with overall experimental values. The Yang-O’Connor- 
Wang formula was refined accounting for subsequent experimental data [8]. 

Keywords:  Energy-loss  straggling.  Bunching  effect.  Ion  beam  analysis.  Medium-energy  ion 
scattering. 
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Invited session 4  

(Invited) Bio/clinical sample analysis by ToF-SIMS using gas cluster ion beams. 

John S. Fletcher et al. 

Since the demonstration of molecular secondary ion detection by Alfred Benninghoven there has been a drive to 
improve such capabilities, and in many cases, apply them to biological analysis. 

SIMS already had he capability for high resolution imaging and could deliver surface specific chemical 
information however the advent of cluster, polyatomic and then gas cluster ion beams have led to a paradigm 
shift for biological analysis over the last 2 decades.  

This presentation will demonstrate the power of GCIB analysis for biological and clinical research from single cell 
to tissue biopsies and comment on the current state of the art in this area along with the challenges that still 
remain.   

(Invited) Water Cluster Ion Beams for bio-molecular analysis with SIMS 

Sadia Sheraz1,2, Nick Lockyer2, Zoltan Takats1,3,4, and Josephine Bunch1,4 
1The Rosalind Franklin Institute, UK, 2Department of Chemistry, University of Manchester, UK, 3 Department of 
Surgery and Cancer, Imperial College London, UK, 4National Physical Laboratory, UK 

The introduction and subsequent development of novel primary ion sources, particularly gas cluster ion beams 
(GCIB) have been at the forefront in transforming Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 
for biological studies [1]. ToF-SIMS has now become an important tool in imaging mass spectrometry with its 
unique capability of high spatial resolution and chemical specificity [2, 3]. Further modifications to GCIB 
sources to generate water cluster from steam has advanced the capabilities of ToF-SIMS with a main focus on 
addressing two key challenges, low ionisation yields and matrix effect [4, 5]. A number of studies have shown 
the ability of H2O-GCIB to successfully characterise metabolites and intact lipids in a bio-system with an 
increase in secondary ion yields by a factor of 10 to 100 at 0.14eV/ nucleon [6, 7]. 

Characterisation of peptides and proteins within a biological specimen is also of great importance for clinical 
proteomics to improve disease classification and to identify new therapeutic agents. Previously, studies of these 
biomolecules with ToF-SIMS has been limited due to the chemical damage caused by the monoatomic and 
polyatomic beams to the analyte. However, with application of the cluster beams, the detection of these 
biomolecules is now feasible since they impact the surface as a single entity. This results in a very gentle ion 
emission with a consequence of very low fragmentation of the emitted molecular ion [7]. Here, we investigate 
the ability of H2O-GCIB for analysis of small proteins with a specific emphasis on the formation of multiple 
charge species up to mass of ~9000 a.m.u. Further, a range of imaging data from tissue sections is presented 
to demonstrate H2O-GCIB as an ideal ionisation source for bio-molecular SIMS applications. 

[1]  Matsuo, J.; Torii, S.; Yamauchi, K.; Wakamoto, K.; Kusakari, M.; Nakagawa, S.; Fujii, M.; Aoki, T.; Seki, T. 
Appl. Phys. Express 2014, 7, 056602. 

[2]  Angerer, T. B.; Blenkinsopp, P.; Fletcher, J. S. Int. J. Mass Spectrom. 2015, 377, 591−598. 
[3]  Neumann, E.K.; Djambazova, K.V.; Caprioli, R.M.; Spraggins, J.M. J. Am. Soc. Mass Spectrom. 2020, 

31, 12, 2401–2415. [4] Sheraz, S.; Razo, I.B.; Kohn, T.P.; Lockyer, N.P.; Vickerman, J.C. Anal. Chem. 
2015, 87, 2367-2374. 

[5]  Alnajeebi, A. M.; Vickerman, J. C.; Lockyer, N. P. Rapid Commun. Mass Spectrom. 2018, 32, 
1962−1970. 
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[6]  Sheraz (néé Rabbani), S.; Tian, H.; Vickerman, J.C.; Blenkinsopp, P.; Winograd, N.; Cumpson, P. Anal. 
Chem, 2019, 91, 9058-9068. [7] Tian, H.; Sheraz (néé Rabbani), S.; Vickerman, J.C.; Winograd, N. 
Anal. Chem. 2021, 93, 22, 7808-7814. 

(Invited) Advanced multimodal analytical capabilities on FIB instruments using SIMS: new developments, 
applications and prospects 

T Wirtz, O De Castro, J-N Audinot, H Hoang, and A Biesemeier 

Luxembourg Institute of Science and Technology, Luxembourg 

The structural characterization and the chemical analysis at the nanometer scale are of highest relevance in a 
large variety of fields, ranging from the high-resolution imaging of dopant distributions in complex electronic 
devices to the generation of chemical maps of sub-cellular structures in biological samples to understand the 
underlying physiological processes. The following key characteristics are required and enabled in our instrument 
developments: (1) highest spatial resolution, (2) excellent chemical sensitivity, (3) high dynamic range and (4) 
isotopic selectivity. 

Secondary Ion Mass Spectrometry (SIMS) is an extremely powerful technique for analyzing surfaces, owing to its 
ability to detect all elements from H to U and to differentiate between isotopes, its excellent sensitivity and its 
high dynamic range. SIMS analyses can be performed in different modes: acquisition of mass spectra, depth 
profiling, 2D and 3D chemical imaging. Adding SIMS capability to FIB instruments offers a number of interesting 
possibilities, including highly sensitive analytics, in-situ process control during patterning and milling, highest 
resolution SIMS imaging (~10 nm), and direct correlation of SIMS data with data obtained by other analytical 
or imaging techniques on the same instrument, such as high resolution secondary electron (SE) images or 
Energy-Dispersive X-Ray Spectroscopy (EDX) spectra. 

In this global context, we developed a double focusing magnetic sector SIMS system equipped with a novel 
continuous focal plane detector. This SIMS system allows for the detection of all masses in parallel for each 
single pixel, resulting in acquisition times as low as 1 s to obtain a full mass spectrum or 2 min to obtain a 512 
x 512 pixel SIMS image with highest signal-to-noise and excellent dynamic range. 

This SIMS system has been installed on several multi-modal FIB platforms, including a Thermo Fisher DualBeam 
and a ZEISS ORION NanoFab Helium Ion Microscope. In addition, we developed dedicated FIB-SIMS platforms 
including the npSCOPE and, most recently, the SIMS:ZERO, which is a novel highest-resolution highest-
sensitivity FIB-SIMS platform combining zeroK’s high brightness LoTIS Cs+ ion source and LIST’s SIMS system. 

Here, we will review the performance of the different instruments with a focus on new developments, showcase 
methodologies for high-resolution 3D chemical imaging, present a number of examples from various fields of 
applications (nanoparticles, battery materials, photovoltaics, micro-electronics, tissue and sub-cellular imaging 
in biology, geology,…) and give an outlook on new trends and prospects. 
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O15: Nuclear Applications  

Combined SIMS, RBS, NRA and PIXE analysis of complex structures from fusion reactors 

N Catarino1, N P Barradas2, J Likonen3, A Widdowson4, J P Coad4, E Alves1 and JET Contributors* 

1IPFN, Instituto Superior Técnico, U. Lisboa, Portugal, 2C2TN, Instituto Superior Técnico, U. Lisboa, Portugal, 
3VTT, Finland, 4Culham Centre for Fusion Energy, Culham Science Centre, UK,  

Total Ion Beam Analysis (IBA) of samples with a self-consistent analysis of a combination of data from different 
IBA techniques such as RBS, NRA, PIXA and ERDA, has become standard in IBA analysis of fusion-related 
samples and other complex structures. On the other hand, SIMS has also been extensively used for the analysis 
of samples from the Joint European Torus (JET) and other  tokamaks around Europe. This technique  offers the 
advantage of high sensitivity and dynamic range for a wide range of elements and good depth resolution but 
with a major disadvantage of being difficult to quantify. We present a study of combined SIMS, RBS, NRA and 
PIXE analysis of samples from divertor components of JET, made with the DataFurnace. We show how the 
combination of these techniques leads to a full description of the depth profile, including major elements and 
impurities, and discuss the limitations of the methods used.  

*See the author list of ‘Overview of JET results for optimising ITER operation’ by by J. Mailloux et al. to be 
published in Nuclear Fusion Special issue: Overview and Summary Papers from the 28th Fusion Energy 
Conference (Nice, France, 10-15 May 2021) 

eXternal Nuclear Reaction Analysis (XNRA) of LiAlO2 pellets Used in the Production of Tritium 

Barney L Doyle1, George Burns1, Russel L Jarek1, Brittany R Muntifering1, and David Senor 
1Sandia National Laboratory, USA, 2Pacific Northwest National Laboratory, USA 

Tritium for the US’s strategic nuclear stockpile is being produced using specially designed control rods in the 
Watts Bar nuclear reactors in Tennessee, USA.  These rods are called Tritium Producing Burnable Absorber Rods, 
or TPBARs.  They contain several thousands of pellets made from a LiAlO2 ceramic enriched in 6Li.   In addition 
to the TPBARs influencing the fission rate in the reactor, the LiAlO2 pellets are exposed to high fluxes of 
neutrons, and the 6Li(n,3H)4He reaction generates the tritium (T).  These specific ceramic pellets were selected 
not only because they can have a high concentration of 6Li, but also they rather easily release much of the T 
that is generated so it can be captured in solid form by  Zr-based alloy getters within the TPBARs.  But this ease 
of release also complicates the handling of the exposed pellets for various inspections and analyses due to the 
possibility, and even probability, of T contamination. 

The design and post-irradiation examination of TPBARs is led by Pacific Northwest National Laboratory (PNNL).  
Sandia, and specifically the Ion Beam Laboratory (IBL), has developed non-destructive methods to measure the 
concentration of 6Li and 7Li in as-manufactured pellets, and the “burn-up” of 6Li following irradiation in the 
reactor.  In addition, Sandia has developed techniques to measure the concentration of T that remains in the 
pellets after irradiation. 

Sandia first successfully used 42 MeV Si Elastic Recoil Detection (ERD) involving the IBL Tandem Accelerator, 
but it was only used to measure the 6Li/7Li concentration ratios of as-manufactured pellets.  We determined 
that the process of loading and unloading the pellets from the ERD chamber could have resulted in an 
unacceptable T contamination of the IBL.  A subsequent project used a 2.6 MeV deuterium (D) beam for 
eXternal (i.e. in air) Nuclear Reaction Analysis (X-NRA). This project was also successful and eliminated any 
possibility of contaminating the Ion Beam Laboratory with tritium by performing the X-NRA in a tritium-tight He-
filled chamber that used a thin Al window through which the D-beam was transmitted.  This allowed the “Pellet 
Chamber” to be loaded and unloaded safely  in a fume hood and then transported to the IBL. 
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There were several nuclear reactions involving the D and all the isotopes in the LiAlO2 pellets, but the ones we 
found most useful were those with the highest Q-values.  These included the 6Li(d,α) and 7Li(d,α) reactions 
with the alphas detected by an annular surface barrier detector, and the T(d,n) reaction with the neutrons 
detected with a diamond detector.  X-NRA using the Pellet Chamber is now routinely performed in the IBL of 
exposed pellets.  Details of these measurements will be given in the presentation. 

* Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and 
Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International Inc., for the U.S. 
Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525. 

**Pacific Northwest National Laboratory is operated by Battelle for the United States Department of Energy 
under Contract DE-AC05-76RL01830. 

(Invited) Continuous Monitoring of Pure Fe Corrosion in Lead-Bismuth Eutectic Under Irradiation with Proton-
Induced X-ray Emission Spectroscopy 

F Schmidt1,2, M Chancey1, H Kim1, P Hosemann2, and Y Q Wang1 
1Materials Science and Technology Division, Los Alamos National Laboratory, USA, 2Department of Nuclear 
Engineering, University of California, USA 

Few simultaneous irradiation-corrosion experiments in emulating reactor environment provide continuous 
information about the progression of corrosion during the experiment. In situ information could accelerate 
studies of materials performance in irradiation-corrosion environments by giving insight into corrosion kinetics in 
a single experiment. In this paper, continuous in situ monitoring results from two runs of the irradiation-corrosion 
experiment (ICE) III with pure Fe corroded by Lead Bismuth Eutectic (LBE) and simultaneously irradiated by 4 
MeV protons are presented. Proton-induced X-ray emissions (PIXE) were used to estimate the thickness of the 
Fe foil during the experiments by comparing it to a standard. PIXE is shown to be sensitive enough to detect 
slight changes in foil thickness during ICE and to be capable of monitoring corrosion progression continuously. 

Acknowledgments: This work was supported as part of FUTURE (Fundamental Understanding of Transport Under 
Reactor Extremes), an Energy Frontier Research Center funded by the US Department of Energy, Office of 
Science, Basic Energy Sciences. Los Alamos National Laboratory is operated by Triad National Security, LLC, for 
the National Nuclear Security Administration of the US Department of Energy under contract 
89233218CNA000001. 
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Determination of stable isotope ratios using nuclear reaction analysis coupled with a particle–gamma 
coincidence method 

Paula R P Allegro1, Márcia A Rizzutto1, Nemitala Added1, Vitor A P de Aguiar1, Dennis L Toufen2, Eduardo L A 
Macchione1, Nilberto H Medina1, Roberto V Ribas1, José R B Oliveira1, Rafael Escudeiro1, Juan A Alcántara-
Núñez1, Jéssica F Curado2, Valdir B Scarduelli1, Vinicius A B Zagatto4, Cléber L Rodrigues1, and Manfredo H 
Tabacniks1 
1Institute of Physics, University of São Paulo, Brazil, 2Federal Institute of Education, Science, and Technology of 
São Paulo, Brazil, 3Physics Dept, Universitary Center of FEI, Brazil, 4Physics Institute, Fluminense Federal 
University – UFF, Brazil 

Isotope ratio measurements provide valuable information in archaeology [1], anthropology [2], geology [3], 
medicine [4], agriculture [5], forensic science [6], and cultural heritage studies [7]. Several techniques are 
available for measuring stable isotopes, such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS), 
Accelerator Mass Spectrometry (AMS), Thermal Ionization Mass Spectrometry (TIMS), Secondary-Ion Mass 
Spectrometry (SIMS), and Neutron Activation Analysis (NAA). The mass spectrometry techniques either need to 
extract samples from the material and perform complex sample preparation, or the quantitative analyzes 
depend on the standard reference material. NAA is limited either by the material composition due to matrix 
activation or by sample modification. To avoid or minimize some of the drawbacks of the other isotope 
determination techniques, Nuclear Reaction Analysis (NRA) is an alternative method that can be used to 
determine isotopes. 

In this work, we present the recently published results [8] about a non-destructive standard-free analytical 
method of obtaining stable isotope ratios in materials using nuclear reactions coupled with particle-gamma 
coincidences. This method permits the identification of specific channels populated in the nuclear reaction and 
either avoids or minimizes typical drawbacks such as high backgrounds and interfering reactions. The technique 
is demonstrated for a special 63Cu/65Cu target characterized traceably by Rutherford backscattering 
spectrometry. Limitations of the method and possible applications in cultural heritage will also be discussed. 

[1]  N. Fagel et al., J. Archaeol. Sci. Rep., 2017, 12, 770–781. 
[2]  E. Dotsika et al.#, J. Archaeol. Sci. Rep., 2018, 22, 482–491. 
[3]  P. G. C. Amaral et al., J. Quat. Sci., 2018, 27, 181–191. 
[4]  B. Toubhans et al., J. Trace Elem. Med. Biol., 2020, 62, 126611. 
[5]  S. Blotevogel et al., Geoderma, 2019, 343, 72–85. 
[6]  B. L. Grimm et al., Talanta, 2018, 178, 94–101. 
[7]  D. J. Huisman et al., J. Archaeol. Sci., 2017, 81, 59–78. 
[8]  P. R. P. Allegro et al., J. Anal. At. Spectrom., 2021,36, 120-132. 
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O16: Detectors and Equipment 

Study of plasma effects and gain suppression in lgad detectors using a nuclear microprobe 

Adrián García Osuna1, María Del Carmen Jiménez Ramos1, Javier García López2, Iván Vila Álvarez3, 
Esteban Currás Rivera4, Richard W Jaramillo Echeverría3, Salvador Idalgo5, Giulio Pellegrini5 

1Centro Nacional de Aceleradores, Spain, 2Universidad de Sevilla and Centro Nacional de Aceleradores, 
Spain, 3Instituto de Física de Cantabria, Spain, 4Solid State Detector Group, CERN, Geneva, Switzerland, 
5Centro Nacional de Microelectrónica de Barcelona, Spain 

For the HL-LHC (High-Luminosity Large Hadron Collider) upgrade at CERN, detectors that measure the arrival 
time of minimally ionising particles (MIP) are needed. For this purpose, Low Gain Avalanche Detectors (LGADs) 
will be used. These detectors have a moderate intrinsic gain, providing a current signal with a very fast rise time 
(in the order of picoseconds) and therefore an excellent time resolution, which is key to reduce the pileup 
of events. 

In this work, we have studied an LGAD detector fabricated from silicon at the Centro Nacional de 
Microelectrónica de Barcelona (IMB-CNM-CSIC). This was achieved by means of the Ion Beam Induced 
Current (IBIC) technique and the Time Resolved Ion Beam Induced Current (TRIBIC) technique using the 
nuclear microbeam line of the Centro Nacional de Aceleradores (CNA). A 3 MeV proton beam (average stopping 
power ~75 MIPs) was employed, and the results were compared to those obtained by the Transient 
Current Technique (TCT) using an infrared laser (power intensity ~20 MIPs) at the SSD laboratory at CERN and 
the Clean Room of the Physics Institute of Cantabria (IFCA). The values of gain were calculated comparing the 
LGAD measurements to the measurements performed on a PIN detector (no intrinsic gain). We also used the 
IBIC technique to find the PIN detector structure. 

 

Fig. 1: IBIC and TCT gain curves comparison at normal incidence. 

We observed that the values of the absolute gain are significantly lower when measured with ions than when 
measured with laser (Figure 1). This effect on the gain suppression was also observed in the shape of the 
current signals. The gain suppression is related to the shielding effects of the electric field in the 
multiplication layer, which will be higher for higher charge carriers’ density. Therefore, in order to study how 
the plasma effects change with the generated charge carriers’ density, experiments have been carried out 
by varying the protons incidence angle from 0º to 50º. 

In this talk, the gain curves for all angles will be shown. The results indicate that when mean ionization 
density projected on the multiplication layer is minimum (50°) the measured gain is maximum. TRIBIC 
results will also be shown, from which some conclusions can be drawn about the decrease in the hole gain 
and plasma effects. 



                       

                                 

69 
 

IBA&PIXE-SIMS 2021 
11-15 October 2021 

Aging of micro-patterned gaseous radiation detectors analyzed by ToF-SIMS 

Thiago B Saramela1, Tiago F Silva1, Clive Roberts2, Richard Hague2, Gustavo F Trindade2, Jisun Im2, and Tien T 
Quach2 

1University of São Paulo, Brazil, 2University of Nottingham, UK 

The ALICE experiment at the Large Hadron Collider uses a time-projection chamber for particle tracking and 
identification. The readout planes were composed of multi-wire proportional chambers (MWPCs), enabling 
space and time sensitivity for the 3D reconstruction of the tracks. The MWPCs were replaced by a cascade of 
gas electron multipliers (GEMs) in a recent update for the high-luminosity mode of the LHC Run3. This new 
technology of gaseous detectors is based on micro-fabricated patterns and offers advantages of performance 
and radiation robustness. However, as with any gaseous detector of radiation, its aging process leads to 
degradation related to the formation of deposits on top of its electrodes. We employed time-of-flight secondary 
ion mass spectrometry (ToF-SIMS) to analyze the surfaces of GEM electrodes before and after use. The results 
enabled a better understanding of the aging process of GEMs and brought new light to this problem. We studied 
the case of a GEM that operated with Argon and CF4 gaseous mixtures and our findings indicate that, in this 
case, the avalanche of ionization induces etching of the dielectric material, of which residues deposit onto the 
GEM electrodes surface. We also show evidence that these deposits are responsible for inducing sparks that can 
damage the detector. We demonstrate that, differently from analyzing the carbon signal in an electron 
microscope, by studying the molecular fragments of the degraded electrode's surfaces with ToF-SIMS, we can 
better understand the origin of the organic deposits and model the aging process. 

Operating a dual-stage mirror ToF-MeV-SIMS instrument with continuous sources of primary ions: Optimization 
and possibilities 

I Alencar1,2,3, G S Onzi1, L Battú1, B N D’Avila3 , L A Boufleur1, R M Papaléo2, P L Grande1, L Amaral1, and J F 
Dias1 
1Laboratório de Implantação Iônica, Universidade Federal do Rio Grande do Sul, Brazil, 2Escola Politécnica, 
Pontifícia Universidade Católica do Rio Grande do Sul, Brazil, 3Departamento de Física, Universidade Federal de 
Santa Catarina, Brazil 

Mass Spectrometry (MS) is a well-established, versatile analytical technique to measure mass-to- charge ratio 
[1]. Among the various possible scenarios, the detection of Secondary Ions (SI) sputtered from the analyte by 
high-energy (MeV) primary ion sources, i.e. MeV-SIMS, has received increasing interest during the past decade, 
when great efforts have been made to implement total Ion Beam Analysis (IBA). Total IBA consists of applying 
several detection techniques in a single experiment, which may include Particle Induced X-ray Emission (PIXE), 
Rutherford Backscattering Spectrometry (RBS) and Elastic Recoil Detection Analysis (ERDA) as well as MeV-
SIMS. Such a combination allows elemental and molecular characterization of solid analytes [2]. Moreover, the 
lateral resolution of a micro-beam together with a scanning system provides the means for sample mapping [3]. 
Nevertheless, the choice of beam parameters (i.e. mass, energy and charge state) affects the cross sections 
involved. For instance, PIXE and RBS are more efficient with low-mass ions, while ERDA and SIMS are preferable 
with high-mass ones. Clearly, a compromise of ion parameters has to be made. Furthermore, in many cases, 
there is a prolonged exposure of the analyte to the primary ion source in order to obtain statistically significant 
data. In this scenario, the query of using continuous sources of primary ions is posed. How one could optimize 
the spectra acquisition? What is the resolution that can be achieved? Or how much the beam exposure affects 
the analyte under study? The last question is particularly important for the quantification of molecules in 
biological samples. 
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Here, we present a study of the capability of a dual-stage mirror ToF-MeV-SIMS instrument to address such a 
query. Primary ions are delivered continuously (0.1 to 1.0 nA current, 6.5 mm2 area) from a 3 MV Tandetron at 
the sample. After discussing the system optimization, the results of simplified simulations are illustrated as a 
guidance to spectra interpretation. Information about the emission velocities can be gathered, even within the 
oversimplified approximations made. Then, the results of experiments where spectra are recorded as a function 
of elapsed time during the exposure are shown. Either bulk insulators (e.g. lithium fluoride) or thin films 
deposited on silicon (e.g. polystyrene) were investigated, where different effects had been observed. For bulk 
insulators, the ToF decreases and yields are dependent on the manner that the samples are grounded. For thin 
films, yield decreases without a variation of ToF. 

[1]  Maher et al., Rev. Mod. Phys. 87 (2015) 113. 
[2]  Jeynes et al., Nucl. Instr. Meth. B. 271 (2012) 107. 
[3]  Jones et al., Surf. Interface Anal. 43 (2010) 249. 

Simultaneous and Automated RBS Spectra Fitting for Multi Detector Setups by Application of an Evolutionary 
Algorithm 

R Heller, and N Klingner 

Institute of Ion Beam Physics and Materials Research, Germany 

Within recent years multi detector IBA setups have become state-of-the art equipment in many ion beam 
laboratories all over the world. Multi detector arrangements enable access to a huge solid angle when detectors 
are arranged under same scattering angle and/or  an additional input for target model determination when 
arranged under different scattering angles or if different types of detectors are used. 

While in the first case the effort for spectra analysis is essentially the same as for a single detector experiment, 
in the second scenario the deviation of the target model from the experiential data requires some additional 
efforts. In particular, for a given target model the spectra of all detectors need to be simulated and compared to 
their measured data in an iterative manner. In this process, it may occur that changes in the target model lead 
to a better fit of the simulated spectra in one or more detector(s) but to a worse result on another one(s). Thus, 
for a human it may become hard to judge the quality of a derived target model. So far there rarely simulation 
code available capable of handling the input from multiple detectors [1]. 

Here we report on a recently developed IBA simulation and fitting software that features simultaneous 
simulation of multiple spectra with automated (and weighed) least square determination and deviation of an 
analytical (none-subjective) overall-fit quality. We further implemented an evolutionary algorithm that enables 
automated target model and detector parameter fitting simultaneously by requiring a minimum of input 
parameters. 

The basic principles of the algorithm are discussed in detail and results from a particular experimental setup, 
namely the new “RBS hedgehog” at the HZDR’s Ion Beam Center (a multi detector RBS setup comprising 72 Si-
PIPS detectors in 5 concentric rings [2]), are presented. Performance results, typical use case scenarios and 
limitations of the code are summarized. 

[1]  N.B. Barradas, C. Jeynes, R.B. Webb Appl. Phys. Lett. 71, 1997, (291)  
[2]  See contribution “RBS HEDGEHOG – New 680 msr RBS setup for fastest channeling experiments and 

ultra-high sensitivity measurements” by N. Klingner, R. Heller, R. Aniol and M. Steinert. ** 
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Friday 15 October 2021 
O17: Imaging and MeV SIMS 2 

Optimization of CNA facilities for imaging purposes 

M A Millán-Callado1,2, E M García-Zamora1, F J Ager1,3, B Fernández1,2, J Gómez1,2, C Guerrero1,2, M C Jiménez-
Ramos1, P Martín-Holgado1, Y Morilla1, J M Quesada2, M A Respaldiza1,2, T Rodríguez-González1,2 
1Centro Nacional de Aceleradores (CSIC-US-Junta de Andalucía), Spain, 2Departamento de Física Atómica, 
Molecular y Nuclear, Universidad de Sevilla (US), Spain, 3Departamento de Física Aplicada I, Universidad de 
Sevilla, Spain 

The different types of imaging techniques have a widespread use in industry and research on account of their 
non-invasive properties. The foundation of these techniques is taking advantage of the differences in the 
attenuation of a penetrating radiation passing through different materials to obtain information about a 
sample. The differences in the mechanisms in which neutrons and photons of different energies interact with 
matter allow us to explore different aspects in the object. For this reason, neutron and gamma radiography 
are excellent complements to conventional x-ray radiography. 

At Centro Nacional de Aceleradores (CNA, a Spanish interdisciplinary research centre), two of its facilities have 
systems with the capability of producing neutrons based on proton and deuteron beams through the 
9Be(p,n) and 9Be(d,n) reactions: The HiSPANoS neutron source, placed at a 3MV Tandem Accelerator 
System, and a IBA Cyclone 18/9 cyclotron. These neutron beams can be exploited to produce imaging 
in thick samples due to their strong penetration range. Neutron imaging can be complemented with 

gammagraphy at the same centre, working in the gamma laboratory based on a 60Co irradiator system. A 
portable Mo X- ray tube from the fluorescence laboratory is available as well and allows comparing the different 
results with conventional radiography. 

Since 2018, our research group has been performing a series of tests in the different available facilities at CNA 
with the aim of making the best use of said facilities, optimizing the different setups, to obtain the best possible 
contrast, spatial resolution and image quality. This research serves as a first assessment of the limitations, 
future requirements and viability of introducing accelerator-based neutron radiography as a new analysis tool 
at CNA and the possibility of using the same setup and device to carry out complementary analysis for the 
same sample with fast and thermal neutrons, X-ray and gamma radiation. 

In this work we will present the first conclusions reached so far, what are very promising. We can obtain 
acceptable quality images in exposures of several minutes, distinguish different materials and different 
thicknesses of the same material, perceive under metallic shielding, penetrate thick samples and resolve 
millimetric structures. In addition, it will be shown the last setup which also includes the possibility of making 
neutron and gamma tomography. 
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Correlative Imaging of Trace Elements and Intact Molecular Species in a Single Tissue Sample at the 50 Micron 
Scale 

Janella Marie de Jesus1, Catia Costa2, Amy Burton3, Vladimir Palitsin2, Roger Webb2, Adam Taylor3, Chelsea 
Nikula3, Alex Dexter3, Firat Kaya5, Mark Chambers7, Veronique Dartois4,5, Richard J A Goodwin6,7, Josephine 
Bunch3, and Melanie J Bailey1 
1Department of Chemistry, University of Surrey, UK, 2University of Surrey Ion Beam Centre, University of Surrey, 
UK, 3The National Physical Laboratory, UK, 4Center for Discovery and Innovation, Hackensack School of 
Medicine, USA, 5Department of Microbiology and Molecular Genetics, New Jersey Medical School, Rutgers,The 
State University of New Jersey, USA, 6Imaging and Data Analytics, Clinical Pharmacology and Safety Science, 
R&D, AstraZeneca, UK, 7Institute of Infection, Immunity and Inflammation, College of Medical, Veterinary and 
Life Sciences, University of Glasgow, UK, 8Department of Microbial Sciences, Faculty of Health and Medical 
Sciences, University of Surrey, UK 

Elemental and molecular imaging play a crucial role in understanding disease pathogenesis. 

To accurately correlate elemental and molecular markers, it is desirable to perform sequential elemental and 
molecular imaging on a single tissue section. However, very little is known about the impact of performing these 
measurements in sequence. In this work, we highlight some of the challenges and successes associated with 
performing elemental mapping in sequence with mass spectrometry imaging. Specifically, the feasibility of 
molecular mapping using the mass spectrometry imaging (MSI) techniques matrix assisted laser desorption 
ionisation (MALDI) and desorption electrospray ionisation (DESI) in sequence with the elemental mapping 
technique particle induced X-ray emission (PIXE) is explored. Challenges for integration include substrate 
compatibility, as well as delocalisation and spectral changes.  We demonstrate that whilst sequential imaging 
comes with some compromises, sequential DESI-PIXE imaging is sufficient to correlate sulphur, iron and lipid 
markers in a single tissue section at the 50-micrometre scale. 

Simultaneously SIMS imaging of organic and inorganic materials using low energy MeV ions 

Zdravko Siketić1, Marko Barac1,2, Marko Brajković1, and Iva Bogdanović Radović1  
1Ruđer Bošković Institute, Croatia, 2Jožef Stefan International Postgraduate School, Slovenia 

In the last ten years, MeV SIMS has proven to be a promising technique for the analysis of organic 
materials and has found its application in forensics, biology, cultural heritage, etc. MeV SIMS technique is 
based on the excitation of secondary molecules by the primary ions having energies in the MeV region. Due 
to the interaction mechanism of the MeV-ions with the material, which is mainly through the interaction 
with the electronic system, MeV SIMS could only be applied for the analysis of organic samples. For this reason, 
MeV SIMS is not efficient for the analysis of inorganic materials that require direct energy transfer to secondary 
ions via nuclear scattering. In the present work we explore how MeV SIMS is working in the energy range where 
nuclear and electronic stopping are equally contributing with an assumption that this could be a good 
prerequest for the desorption of both, inorganic and organic ions. For the copper ion, and most medium-mass 
matrices, this condition is fulfilled at the energies of several hundred keV. We will show that copper ions 
focused to micrometer dimensions and having energy of ~ 500 keV could be successfully applied for 
simultaneous desorption of both, organic and inorganic ions, and could be potentially applied for the 
analysis and 2D imaging of hybrid materials. The application of this method, which we called low energy 
MeV SIMS (LE SIMS) will be demonstrated on a hybrid sample consisting of chromium partially coated with 
the amino acid Leucine. It will be also shown that the yield of secondary inorganic species increases with 
decreasing of incident ion energy which is expected while the nuclear contribution in the stopping power 
increases. At the same time, yield of organic molecules remains sufficiently high relative to the MeV region 



                       

                                 

73 
 

IBA&PIXE-SIMS 2021 
11-15 October 2021 

allowing imaging of hybrid materials. 

SIMS depth profiling of inorganic materials using low energy MeV ions 

Marko Barac, Zdravko Siketić, Marko Brajković, and Iva Bogdanović Radović 

Ruđer Bošković Institute, Croatia 

MeV SIMS is a fairly new IBA surface sensitive technique that is being increasingly used for the analysis and 
imaging of organic materials in various fields, such as forensics (fingerprints and inks), cultural heritage 
(paints), biology (plants and tissues) etc. It’s counterpart, conventional keV SIMS, on the other hand, is a well-
established technique used mainly in the analysis of inorganic materials, with the most popular application in 
semiconductor industry. The fundamental difference between the two methods lies in the interaction mechanism 
of the primary ions with the material. While keV SIMS operates with energies of a few tens of keV through direct 
energy transfer to the secondary ions via nuclear stopping, MeV SIMS uses heavy energetic ions of few tens of 
MeV and works more ‘gently’ – through electronic stopping and interaction with the electronic system. 
Nowadays, conventional keV SIMS depth profiling offers excellent depth resolution of a few nm. Quantification is 
difficult, but achievable using RSF factors or reference standards in case of thin layers. This work explores the 
possibility of MeV SIMS depth profiling of inorganic materials using low energy MeV primary ions, specifically 
555 keV Cu2+, while etching the surface with 1 keV Ar+ ions. This is demonstrated on a multilayer consisting of 
50 nm Cr layer deposited on 150 nm ITO glass, as well as on separate, single layers. These materials proved to 
have sufficient yield in previous studies using copper ions with energies of several hundred keV. Depth profiles 
of both single layers and multilayer are compared to keV SIMS depth profiles of the same samples and 
corroborated by AFM and TOF-ERDA analysis. The results show the potential of low energy MeV SIMS depth 
profiling in accelerator facilities equipped with MeV SIMS setup. 

O18: Channelling 2 

β−emission channeling for the lattice location of ion implanted 
27

Mg in GaN 

U Wahl1, J G Correia1, A R G Costa2, E David-Bosne3, M J Kappers4, M R da Silva3, G Lippertz5, T A L Lima5, R 
Villarreal5, A Vantomme5, and L M C Pereira5 
1Instituto Superior Técnico, Universidade de Lisboa, Portugal, 2CERN-TE, Geneva, Switzerland, 3CICECO Institute 
of Materials, Universidade de Aveiro, Portugal, 4Cambridge Centre for Gallium Nitride, University of Cambridge, 
UK, 5KU Leuven, Quantum Solid State Physics, Belgium 

GaN based power devices are about to replace Si-based high-end power electronics on a massive scale [1]. 
This has greatly renewed the interest in ion implantation as a technique for introducing dopants into GaN 
since it allows precise transverse and lateral control of dopant concentrations, hence improving and optimizing 
device performance [2]. However, efficient electrical activation for the only technologically feasible p-type 
dopant, Mg, remains a challenge. 
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Fig 1. GaN band gap, levels of electrical dopants Si and Mg, and schematic Fermi level positions in n-type, p-type, 
undoped and irradiated material. The interstitial fraction of Mg is highest when the Fermi-level is close to the valence 
band. The attribution of the Fermi level EFi at mid gap in irradiated GaN is tentative. The Gaussian profile schematically 

indicates the depth distribution of implanted 27Mg where it may be subject to the influence of positive surface charges 
which cause band bending near the GaN surface. 

We have investigated in detail the lattice location of 27Mg (t1/2=9.5 min) in GaN of different doping types by 

means of β−emission channeling at CERN’s ISOLDE facility, as a function of implantation temperature and 
fluence [3]. We elucidate the amphoteric nature of Mg, i.e. the concurrent occupation of substitutional Ga 

and interstitial sites [4]: following room temperature ultra-low fluence (≈2x1010 cm-2) implantation, the 
interstitial fraction of Mg is highest (20-24%) in GaN pre-doped with stable Mg during growth, and lowest (2-
6%) in n-GaN:Si, while undoped nid-GaN shows an intermediate interstitial fraction of 10-12%. Both for p-

type and n-type GaN, prolonged implantations cause the amount of interstitial 27Mg to approach the levels 
found for not intentionally doped GaN. Implanting at temperatures above 400°C progressively converts 

interstitial 27Mg to substitutional Ga sites in all doping types due to the onset of Mg interstitial migration 
(estimated activation energy 1.5-2.3 eV) and combination with Ga vacancies. In all sample types, 

implantations above a fluence of 1014  cm-2 achieve >95% substitutional Mg. The results are being 
interpreted within the framework of the Fermi-level dependent formation of interstitial vs substitutional Mg (Fig. 
1). Our findings show that ion implantation is a very efficient method to introduce Mg into substitutional Ga 
sites, i.e. that the challenges towards high electrical activation of implanted Mg are not related to the lack of 
substitutional incorporation. 

[1]  H. Amano et al, “The 2018 GaN power electronics roadmap”, J. Phys. D: Appl. Phys. 51 (2018) 163001. 
[2]  J. Hu, Y. Zhang, M. Sun, D. Piedra, N. Chowdhury, T. Palacios, “Materials and processing issues in 

vertical GaN power electronics”, Mater. Sci. Semicond. Process. 78 (2018) 75. 
[3]  U. Wahl et al, “Lattice location studies of the amphoteric nature of implanted Mg in GaN”, Adv. Electr. 

Mater. 7 (2021) 2100345. 
[4]  U. Wahl et al, “Lattice location of Mg in GaN: A fresh look at doping limitations”, Phys. Rev. Lett. 118 

(2017) 095501. 
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Structure analysis of H in epitaxial TiH2-δ thin film by Channeling 15N-NRA 

T. Ozawa1, Y. Komatsu2, R. Shimizu2, T. Hitosugi2, Y. Sugisawa3, N. Kishi3, D. Sekiba3, K. Fukutani1,4 
1Univ. of Tokyo, Japan,  2School of Materials and Chemical Technology, Tokyo Inst. Tech., Japan, 3Inst. of 
Applied Physics, Univ. of Tsukuba, Japan,  4Asrc, JAEA, Japan 

Hydrogen atoms modify physical properties of host materials. Since the lattice location of H atoms is influenced 
by lattice distortion and surfaces, nanofilms and/or subsurface regions potentially show unique physical 
properties associated with its characteristic H absorption. Structure analysis of H is a key to understand and 
control the properties of hydrides. However, conventional methods using neutron diffraction or NMR are unsuitable 
for such systems. To overcome the difficulty, we focus on ion channeling and nuclear reaction analysis (NRA) with 
1H(15N, αγ)12C. Ion channeling is a versatile technique to identify the lattice location of impurities in crystals, and 
15N-NRA is a quantitative method to analyze H distribution with high depth resolution on a nm scale [1]. Combined 
with the ion channeling, 15N-NRA makes it possible to distinguish H sites in a depth-resolved manner. We 
developed an apparatus for simultaneous measurements of RBS and 15N-NRA while scanning incident angles 
around two axes. We performed Channeling 15N-NRA for an epitaxial TiH2-δ nanofilm and demonstrated the validity 
of Channeling 15N-NRA for direct structure analysis of H in an epitaxial nanofilm. 

A thin film of TiH2-δ(110) with a thickness of 100 nm was fabricated on a MgO(110) substrate by reactive 
magnetron sputtering, in which Ti forms FCC configuration [2]. The δ value was derived to be 0.5 by NRA with 
random incidence. 2D mappings of RBS of Ti and NRA yields around the normal incidence using 15N2+ beam with 
an energy of 6.45 MeV are shown in Figures 1(a) and 1(b), respectively. Dip structures in RBS yields 
corresponding to [001], [-110], [1-1-1] and [1-11] plane and <110> axis channelings are confirmed in Fig. 1(a). 
In contrast, it is apparent in Fig. 1(b) that the change in the NRA yield under the channeling conditions are 
opposite except for [-110] plane channeling. Comparing with the top view from <110> of FCC Ti with H atoms in 
Tetrahedral (T) site illustrated in Fig. 1(c), these results identify the T site occupation of H atoms in the TiH2-δ film 
as in bulk TiH2. We also discuss the result of RBS and NRA measurements around <100> incidence. 

 

 

[1]  M. Wilde, K. Fukutani, Surf. Sci. Rep. 69 (2014) 196. 
[2]  R. Shimizu et al., Phys. Rev. Research 2, (2020) 033467. 

 

Fig 1. 2D mappings of (a) RBS of Ti and (b) NRA yields using 15N2+ beam with an energy of 6.45 MeV around normal 
incidence for 100-nm-thin TiH2-δ(110) film. (c) Top view of TiH2(110) with FCC configuration of Ti and T site occupation 
of H. Red and blue lines represent plane channelings in which H atoms are located on the beam trajectory or not, 
respectively. 
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Damage buildup and recovery in natural apatite: applications in thermochronology 

D Cerico1, F Garrido1, C Gautheron2, A Gentils1, S Jublot-Leclerc1, L Nowicki3, C Bachelet1, J Bourçois1, S Hervé1, 
F Pallier1, and S Picard1 
1Laboratoire de Physique des 2 Infinis Irène Joliot-Curie, CNRS-Université Paris-Saclay, France, 2Géosciences 
Paris-Sud, CNRS-Université Paris-Saclay, France, 3National Centre for Nuclear Research, Poland 

Thermochronology is a geological discipline deeply-involved in the study and correlation of rock thermal 
histories with key geological processes. In order to predict thermal histories, a parameter called Helium (He) age 
is measured by collecting accessory minerals such as natural apatite crystals in a region of interest, and then 
quantitatively analyzing for its present-day uranium, thorium, and helium content. The measured He ages reflect 
the balance of two major factors: (1) the production of He (alpha particles) from the natural alpha decay of 
trace amounts of uranium and thorium in apatite, and (2) the diffusion of helium outside of the crystal itself 
during the thermal history of a rock. The radiation damage induced by the natural alpha decay chain in apatite, 
mostly due to alpha recoils, can significantly modify the diffusion behavior of He in an apatite crystal, and thus 
affect the measured He ages and thermal history interpretations. At high temperatures present in deeper regions 
of the earth’s crust, most of the damage will be recovered. However, damage recovery will become less efficient 
as the rock exhumes to the surface and cools down in its history. This results to a net buildup of radiation- 
induced defects with the increase in alpha dose. When the amount of cumulated defects is below the 
percolation point, the crystal retention of He will increase due to the defects acting as He traps. 

With the goal of better modeling the diffusion of He in apatite crystals, this investigation concerns the derivation
of a damage buildup and recovery model that can be fed in He diffusion algorithms of geological 
thermal inversion codes resulting in a more accurate modeling and prediction of thermal histories. The RBS/C 
technique was utilized to determine the damage buildup separately-induced by alpha recoils and alpha 
particles in apatite at different irradiation temperatures while TEM was employed to identify the defects involved 
in the damage buildup process. McChasy, a Monte Carlo Code, was used to simulate the RBS/C spectra in 
order to obtain a depth-resolved kinetics of damage accumulation. The obtained RBS/C experimental and 
simulation results suggest that the buildup of damage due to alpha decay in apatite can be modeled as a two-
step process wherein the first step corresponds to a range of alpha doses most natural apatites are actually 
subjected into and the second step concerns mostly material science applications. A comparison of the RBS/C 
and TEM results indicate that the defects induced by alpha particles in the first step include Frenkel pairs, He 
interstitial clusters, and small He- vacancy clusters while alpha recoils create small amorphous domains. With 
the increase in temperature, a strong dynamic recovery effect was induced in the first step even at temperatures 
close to room temperature, and a delay in the onset of the 2nd step was subsequently observed. This implies 
that expressing radiation damage in natural apatite as RDA (randomly displaced atoms) as used in the 
modeling effort instead of dpa (displacements per atom) as done by thermochronologists in the past may better 
approximate the damage in apatite crystals at different temperatures if the RDA values can be well correlated to 
the number of alpha decay events in apatite’s thermal history. 
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Direct transition from ultrathin orthorhombic dinickel silicides to epitaxial nickel disilicide revealed by in-situ 
synthesis and analysis 

Philipp M Wolf1, Eduardo Pitthan1, Zhen Zhang2, Tuan T Tran1, and Daniel Primetzhofer1 
1Department of Physics and Astronomy, Ångström Laboratory, Uppsala University, Sweden, 2Solid  State  
Electronics,  Department  of  Electrical  Engineering,  The  Ångström  Laboratory, Sweden 

Demands for electronic devices with higher performance and lower power consumption are pushing 
semiconductor technology towards physical dimensions of a few nanometers. In this extremely scaled regime, 
the behavior of the constituent materials under different process steps can be vastly different from established 
fabrication routines due to enhanced influence from surfaces and interfaces. One of the typical examples is the 
formation of ultrathin nickel silicides, an important contact material for extremely scaled silicon transistors. For 
films with thicknesses exceeding several nanometers, the transition sequence of the Ni films on the Si 
substrates is from Ni-on-Si → orthorhombic δ-Ni2Si (≈250°C) → orthorhombic NiSi (≈350 °C) → cubic NiSi2 
(≈800 °C). However, when the initial thickness of the Ni film approaches 4 nm, the transition of the material 
under heat treatment changes substantially [1]. The film quickly transforms to a homogeneous epitaxial NiSi2-x 
layer at temperatures as low as 320 °C [2], completely skipping the orthorhombic NiSi phase. 

Recently, using 3-dimensional medium energy ion scattering with high depth resolution and crystallographic 
capabilities, we found an intermediate stage preceding the final epitaxial NiSi2-x phase [3]. This intermediate 
stage of the transition is unprecedented and might hold the key evidence for the understanding of the peculiar 
behavior of ultrathin nickel silicides. In this study, we will present a thorough examination of this stage using in-
situ growth and low energy ion scattering. In combination, ex-situ characterization was performed using high 
resolution transmission electron microscopy and nano-beam electron diffraction as well as medium-energy ion 
scattering. We conclude that the orthorhombic dinickel silicide δ-Ni2Si, which is commensurate with the 
substrate, is the precursor transforming directly to the final NiSi2-x phase. Regardless of the initial Ni thickness, 
this commensurate δ-Ni2Si layer occurs in all Ni silicide samples, albeit featuring a limited thickness of a few 
nanometers. We reason that this limitation of the δ-Ni2Si thickness is responsible for the abrupt thickness 
dependence of the observed phase transitions for Ni silicide system. 

[1]  R. T. Tung, J. M. Gibson, and J. M. Poate, Physical Review Letters 
50, 429 (1983). 

[2]  T. T. Tran, L. Jablonka, C. Lavoie, Z. Zhang, and D. Primetzhofer, Scientific Reports 10, 10249 
(2020). 

[3]  T. T. Tran, C. Lavoie, Z. Zhang, and D. Primetzhofer, Applied Surface Science 536, 147781 
(2021) 
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O19: Imaging and MeV SIMS 3 

Velocity distribution of sputtered neutrals under swift heavy ion bombardment 

T Heckhoff, D Theuner, L Breuer, C Böttger, M 

Schleberger, and A Wucher 

Fakultät für Physik, Universität Duisburg-Essen, Germany 

Experiments measuring the emission velocity distribution of sputtered particles via their flight time along a 
predefined distance are well known [1]. Utilizing time-of-flight (TOF) secondary ion and secondary neutral mass 
spectrometry (SIMS and SNMS), it is also possible to measure those distributions in a mass resolved manner. 
For that purpose, two things are needed, namely i) a well-defined starting point in space and time and ii) a well-
defined finish line for sputtered particle detection. In connection with TOF-SNMS experiments, a short primary 
ion pulse is conventionally used as a starting point along with a delayed pulsed post-ionization process at some 
distance away from the surface [2], thereby selecting the flight time of sputtered neutrals from the surface to the 
post- ionization point. For our experiments, making use of swift heavy ion (SHI) projectiles for SIMS and SNMS, 
however, this is not applicable, since the swift heavy ion pulse has a duration in the range of milliseconds and 
therefore acts as a quasi-stationary (dc) ion beam compared to the nanosecond timescale of the flight time 
experiment. 

In this work, a method is described to measure the velocity distribution of sputtered neutrals under such 
conditions in order to study the emission velocity distribution of neutral particles sputtered under swift heavy ion 
bombardment. For that purpose [3] we use ions accelerated to 4.8 MeV/u kinetic energy (e.g. 197Au26+) 
delivered by the UNILAC at the GSI Helmholtz Centre in Darmstadt. Sputtered particles can be post-ionized by 
single- photon ionization using either a pulsed 157-nm VUV excimer laser (photon energy 7.9 eV) or a tightly 
focused high-intensity femtosecond laser beam. Using the laser post-ionization event as a starting point in 
space and time along with a confined sensitive volume of the TOF spectrometer as a finish line, one can 
determine how many of the post ionized particles have already left the sensitive volume by the time when the 
delayed ion extraction into the TOF spectrometer is fired. A controlled variation of this delay therefore allows to 
probe the velocity distribution of the post-ionized sputtered neutral particles. 

As a proof of principle for this method, a dataset is presented, which was acquired using the very same 
femtosecond laser beam for post-ionization in a different experimental setup [4]. Under 20-keV C60+ ion 
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bombardment, the method delivers a velocity distribution of sputtered Indium atoms which closely matches that 
measured with the conventional method using a pulsed primary ion beam. We will then demonstrate the 
application of the method for the analysis of data sets acquired under swift heavy ion bombardment utilizing the 
VUV as well as the femtosecond post-ionization laser in direct comparison. The resulting emission velocity spectra 
of neutral particles sputtered under SHI impact are directly compared to those measured in-situ under 5-keV Ar+ 
ion irradiation. The results obtained for a number of metal, semiconductor and organic film targets indicate a 
strong contribution of extremely slow emitted neutral particles under SHI as compared to keV ion impact. 
Particularly for metallic targets this contribution appears to strongly depend on the oxidation state of the surface 
in, however, a fundamentally different way as compared to keV ion bombardment. These observations are 
important to account for when comparing sputter yields measured under MeV and keV irradiation, respectively, 
since the employed TOF-SNMS method is sensitive to the number density rather than the flux of sputtered neutral 
particles. The conversion of measured SNMS spectra into the respective partial sputter yields therefore ultimately 
requires detailed knowledge regarding the emission velocity distribution of the different emitted species, which is 
largely unknown for the electronic sputtering conditions prevailing under SHI impact. 

[1]   M. W. Thompson, Nuclear Inst. and Methods in Physics Research, B, Volume 18 (1987), 411. [2]  A. 
  V. Samartsev, A. Wucher, Applied Surface Science 252 (2006), 6470. 
[3]   F. Meinerzhagen, L. Breuer, H. Bukowska, M. Bender, D. Severin, M. Herder, H. Lebius, M. 

Schleberger, and A. Wucher, Review of Scientific Instruments 87 (2016), 013903. 
[4]   R.M. Braun, P. Blenkinsopp, S.J. Mullock, C. Corlett, K.F. Willey, J.C. Vickerman, N. Winograd, Rapid 

Commun. Mass Spectrom. 12 (1998), 1246. 
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Secondary emission mechanisms induced by mev gold nanoparticles 

S Della Negra, D Jacquet, T T H Lai, and I Ribaud 

Université Paris-Saclay, France 

The Andromeda platform (ANR-10-EQPX-23) installed at the IJCLab delivers beams of gold clusters and 
nanoparticles accelerated in the MeV range by a NEC Pelletron 4MV electrostatic accelerator1. It is equipped with an 
experimental device designed for surface analysis under ultra-high vacuum. It includes a motorised target holder (X, 
Y, Z), a focusing and adjustment assembly, and a multi-anode secondary ion detector providing impact position and 
time of flight. The impact angle of the primary beam is 45° with respect to the normal of the surface of the sample 
being analysed. The high yields of secondary ions obtained from the impact of nanoparticles in the MeV range are 
specific and related to the size of the emission volume. An average value of the order of 105-6 nm³ per impact was 
determined after irradiation of polymer films with thicknesses of 50 and 120 nm.  Such an emission volume 
corresponds to hundreds of ions emitted for each impact.2  

The data acquisition and processing system, associated with the multi-anode detector, allows the identification of 
the secondary ions emitted and the measurement of their axial and radial velocities and thus their angular 
distribution. Multiparametric selections, performed impact by impact, permit to determine the radial and axial 
velocity distributions for a given ion as a function of: its characteristics (atoms, atomic clusters, molecules, molecular 
fragments and molecular ad-ducts), its environment on the surface of the sample and also its emission multiplicity. 
This type of analysis has been performed on positive and negative ions coming from organic deposits  or gold 
substrate. These results highlight different sequences in the secondary emission process induced by these massive 
projectiles.  

These different processes will be illustrated by examples obtained for deposits of organic molecules with masses 
ranging from a few tens to a thousand Da, as well as for a gold surface.  

These results will be compared to the characteristics (shape, diameter, depth) of the crater  obtained by AFM 
technique on  4 to 40 nm metallic gold films and a 35 nm polymer film deposited on silicon wafer. 

[1]  Andromede Project: Surface Analysis and Modification with Probes from Hydrogen to Nano-Particles in 
the MeV Energy Range, M.J. Eller, E. Cottereau, B. Rasser, E. Verzeroli, B. Agnus, G. Gaubert, X. Donzel, 
A. Delobbe, S. Della-Negra, Nucl. Instrum. Meth. B: Beam Interactions with Materials and Atoms, 51 
(2015) Volume 365, Part A, Pages 367-370 

[2]  Enhanced sputter and secondary ion yields using MeV gold nanoparticle beams delivered by the 
Andromede facility, T. L. Lai, D. Jacquet, I. Ribaud, M. J. Eller, D. Verkhoturov,  E ;A. Schweikert, L. H. 
Galvão Tizei, F. Shao, S. Bilgen, B. MercierG. Sattonney and  S. Della Negra, Journal of Vacuum 
Science & Technology B 38, 044008 (2020); https://doi.org/10.1116/6.0000173 
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MeV-SIMS mass spectrometry imaging with reflectron mass spectrometer 

Boštjan Jenčič, Žiga Barba, Matej Vereš, Primož Vavpetič, and Primož Pelicona 

Jožef Stefan Institute, Slovenia 

Within the present work we report on characteristics of the MeV-SIMS mass spectrometry imaging method with 
the reflectron mass spectrometer at Jožef Stefan institute (JSI). Since its beginnings in 2011, MeV-SIMS at JSI 
relied on utilization of pulsed 5-10 MeV 35Cl  ion beam, focused down to 5x5 um2, which bombards the 
analysed particle and efficiently desorbs secondary molecules [1]. These are afterwards accelerated in to a Time-
of-Flight (ToF) mass spectrometer and detected by microchannel plate detector at its end. Reflectron 
spectrometer, coupled with a -10 kV postacceleration diode detector, recently upgraded the standard, linear ToF 
spectrometer. The construction of the reflectron spectrometer still enables utilization of mass spectrometry in 
linear mode and the two modes can be switched between eachother in less than one minute. Differences in mass 
spectra between linear and reflectron ToF mass spectrometers were studied in terms of mass resolution, 
fragmentation, effective secondary ion yield, peak to background ratio, and heavy molecule detection efficiency. 
The results show significant advances in terms of mass resolution and the ability to detect heavy molecules. 
Additional fragmentation of molecules due to imperfect vacuum is also negligible. On the other hand, the effective 
secondary ion yield is diminished by 20% and the background is significantly higher.  

[1]  L.Jeromel, Z.Siketić, N.Ogrinc, P.Vavpetič, Z.Rupnik, K.Bučar, P.Pelicon, Development of mass 
spectrometry by high energy focused ion beam: MeV-SIMS with 8 MeV Cl7+ beam, Nucl. Instr. Meth. 
B, 332 (2014), 22-27 

 

Calculated energy loss of swift light ions in transition metals: importance of the target electronic excitation 
spectrum 

Isabel Abril1, Pablo de Vera2, and Rafael Garcia-Molina3 

1Departament de Física Aplicada, Universitat d’Alacant, Spain, 2European Centre for Theoretical Studies in 
Nuclear Physics and Related Areas (ECT*-FBK) and Trento Institute for Fundamental Physics and Applications 
(TIFPA- INFN), Italy, 3Departamento de Física - Centro de Investigación en Óptica y Nanofísica (CIOyN), 
Universidad de Murcia, Spain  

Understanding and predicting the energy loss of swift ions in metals is important for many applications of 
charged particle beams, such as analysis and modification of materials, and recently for modelling metal 
nanoparticle radiosensitisation in ion beam cancer therapy. The stopping power of protons and alpha particles 
in transition metals is calculated in a wide energy range, using the dielectric formalism, which realistically accounts 
for the excitation spectrum of each metal through the MELF-GOS methodology [1]. For each combination of 
projectile, energy and target, we have considered: (i) the projectile charge equilibrium through the target, 
(ii) the energy-loss due to electron capture and loss processes, and (iii) the energy loss resulting from the 
polarisation of the projectile electronic cloud due to the self-induced electric field. We discuss the accuracy of 
our calculations on the basis of the target electronic excitation spectra resulting from different experimental 
sources [1, 2]. In the accompanying figure we compare our calculated stopping power of H and He with 
experimental data and semiempirical curves [4- 8] for Pt as obtained from two different references of the target 
excitation spectrum [1, 2], which is a basic input quantity in the dielectric formalism. Our results show a general 
good agreement with most of the transition metals we have analysed, which validates the methodology to be 
further extended to more complex situations such as nanostructured metal targets. Among the experimental 
sources for the excitation spectrum, the classical compilation based on optical data [2] gives good results for most 
metals such as Cu or Pt (in the figure), although in cases such as Fe only the newer determinations from REELS 
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[3] yield accurate calculations. 
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O20: Applications 

Effects of irradiation on the microstructure and performance of tritium breeding materials 

Qiang Qi1, Shouxi Gu1,2, and Baolong Ji1,2 
1Institute of Plasma Physics, Hefei Institutes of Physical Sciences, Chinese Academy of Sciences, China, 2Science 
Island Branch, Graduate School of USTC, China 

In solid fusion blankets, tritium breeding materials will be irradiated by neutron, energetic particles such as tritium 
(2.7MeV) and helium(2.1MeV) introduced by nuclear reactions of 6Li (n, α) T and 7Li (n, n’α) T. γ-rays produced 
by nuclear reactions and the decay of radionuclide are also interacted with tritium breeding materials. Under 
irradiation conditions, the microstructure, and physical/chemical properties will have certain changes that affect 
the performance of the breeding materials. Evaluations on microstructure and mechanical performance have 
been performed for tritium breeding materials irradiated with 2 MeV helium ions. Raman spectra demonstrate the 
irradiation induced structural disorders, which are corroborated by the transmission electron microscopy 
micrographs and selected area electron dispersion patterns. Nanoindentation investigations indicate that 
hardness is influenced by irradiation damage. At low dose (about 0.018 dpa), the decrease of hardness is 
caused by dislocation motion and decrease of bond density per unit volume. At high dose (about 0.86 dpa), the 
formed defect clusters impede the mobility of dislocations, which is the main reason responsible for the increase 
of hardness. Based on hardness theories and Raman spectra, the decrease of bond length is considered as 
another reason for the increase of hardness. Thermal performance is one of the important parameters for tritium 
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breeders in D-T fusion reactor. It has a certain significance to study the effect of irradiation damages on the 
thermal conductivity for enriching the database. γ-ray irradiation has been adopted due to its presence in the 
reactor and uniform defect distribution similar to neutron irradiation. The results of XRD and Raman indicate that 
the samples are damaged by irradiation. The irradiation defects have been studied by Electron Paramagnetic 
Resonance (EPR or ESR). E’-center are determined as the main defects introduced in irradiated tritium breeding 
materials. The relative concentration of defects has been simulated by EasySpin simulation. The results indicate 
that the thermal diffusivity has been affected by irradiation. Based on the work, the overall evaluation of thermal 
and mechanical performance has been proposed.  

Hydrogen sorption of yttrium-based thin getter films 

C Kutyla1,2, C Bessouet1, S Lemettre1, P Coste1, A Bosseboeuf1, T Sauvage2, A Bellamy2, O Wendling2, and J 
Moulin1 
1C2N – Centre de Nanosciences et de Nanotechnologies, France, 2CEMHTI - Conditions Extrêmes et Matériaux: 
Haute Température et Irradiation, France 

Microelectromechanical systems (MEMS) such as inertial sensors need a high vacuum to operate properly, 
which implies a vacuum packaging with the use of a getter film. When it has been activated by a thermal annealing 
which dissolves its native oxide, a getter material starts sorbing gases thus can compensates outgassing and 
leaks of the packaging. The main gas outgassed in a MEMS package is dihydrogen and it is the only gas reversibly 
sorbed by a getter [1]. We investigated the sorption of this gas by yttrium-based getter. 

Thin films of yttrium, vanadium, zirconium and yttrium-based binary and ternary alloys were co-evaporated under 
ultra-high vacuum on silicon wafers. Films were activated by annealing during one hour under inert argon 
atmosphere with traces of oxidizing species, at temperatures ranging from 200 °C to 400 °C [2]. Then three 
complementary techniques of ion beam analysis were performed on the samples: Rutherford Backscattering 
Spectrometry (RBS), Nuclear Reaction Analysis (NRA) and Elastic Recoil Detection Analysis (ERDA) to quantify 
metal, oxygen and hydrogen atoms in the film [2]. 

A maximum of hydrogen sorption is measured after thermal treatment around 300-325 °C for most getter films. 
The pure yttrium getter film sorbed a higher quantity of hydrogen than pure vanadium and zirconium. This confirms 
that yttrium is an attractive candidate for the problematic of getter materials. The hydrogen sorption is more 
efficient for Y-Al and Y-Zr-Al, at high yttrium concentration, than for yttrium and Y-Zr-Al alloy with a low yttrium 
concentration. 

We demonstrate that alloying films with yttrium enhances the hydrogen sorption of getter films and can be tailored 
by its stoichiometry. 
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Fig. 1. Hydrogen sorption after annealing for different getter films. 
[1]  Chidambaram et al, “Titanium-Based Getter Solution for Wafer-Level MEMS Vacuum Packaging”, 

Journal of Electronic Materials, Vol. 42, No. 3, 2013 
[2]   C. Bessouet et al., “Electrical and ion beam analyses of Yttrium and Yttrium-Titanium getter thin films 

oxidation”, Journal of Vacuum Science & Technology B 39, 054202 (2021) 

14N/ 15N Marker Experiments in Austenitic Stainless Steel Using ToF-SIMS for Identification of Transport 
Processes  

S Mändl, J W Gerlach, D Manova 

Leibniz Institute of Surface Engineering (IOM), Germany 

In general, nitriding of steel results in a combination of a diffusion layer (nitrogen in solid solution within the 
original matrix) and a compound layer (nitrogen forming “ordered” compounds). At the same time, different 
transport is observed with the diffusion layers characterized by a “FIFO” transport (first-in-first-out): the nitrogen 
inserted first is found at the front of the diffusion front. In contrast, compound layers exhibit “LIFO” (last-in-
firstout): the nitrogen inserted at the latest ends up at the diffusion front. Nitriding of austenitic stainless steel 
presents a system transitioning between these two endpoints: at low temperatures and short nitriding times, a 
diffusion-layer-like zone of expanded austenite is observed where the nitrogen stays in solid solution with up to 
40 at.%. Whereas at higher temperatures and longer times, CrN precipitates are formed, thus trapping the 
nitrogen, immobilizing the chromium and hence deteriorating the corrosion behavior. The interesting question still 
to be answered is the transition between these two regimes: what temperature and time can be used for nitriding 
without compromising the corrosion resistance. Here, 14N/15N marker experiments are used to establish ToF-
SIMS as a methodology suitable for providing answers. In a first set of experiments, 14N/15N is implanted 
sequentially at 370 °C into steel 316Ti using a low-energy broad beam ion source and subsequently analyzed by 
ToF-SIMS to verify the FIFO behavior at low temperatures. In a second set of experiments, first high temperature 
14N implantation at 550 °C is performed, where the formation of CrN is already observed during the experiment 
duration of 1 – 2 hours (as shown by XRD). This is followed by low temperature 15N implantation at 370 °C. 
Here, the LIFO behavior is found for the CrN containing layer, where nitrogen is transported through the remaining 
continuous Fe-Ni matrix. Interestingly, beyond this layer a new layer of expanded austenite is formed where again 
FIFO behavior was observed. While ToF-SIMS is not destruction-free, the observation of transport of two different 
nitrogen isotopes allows a more refined characterization of the CrN formation. The critical point is the information 
from XRD necessitating a grain size of at least 10 – 25 nm for these precipitates while the nucleation occurs much 
earlier (in time and temperature). 
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Quantification and Depth Profiling by NRA and HI-ERDA of Hydrogen Isotopes and Plasma Impurity Atoms on 
First Wall Components from the JET Tokamak 

L Dittrich1, P Petersson1, S Moon1, M Rubel1, T T Tran2, A Widdowson3, and JET Contributors4 
1KTH Royal Institute of Technology, Fusion Plasma Physics, Sweden, 2Uppsala University, Department of Physics 
and Astronomy, Sweden, 3UK Atomic Energy Authority, Culham Science Centre, UK, 4See list of authors: J. 
Mailloux et al, 28th IAEA Fusion Energy Conference 2020 

Ion beam analysis methods belong to crucial tools for surface/sub-surface studies of wall materials from 
controlled fusion devices [1,2]. Determination of fuel retention and material modification by plasma-wall 
interaction processes (erosion and re-deposition) are the main topics which require high sensitivity and selectivity 
in the quantification, mapping and depth profiling of a broad spectrum of species from hydrogen to tungsten with 
particular emphasis on resolution in the low-mass range: 1-20. 

This work is focused on the examination of plasma-facing components (PFC) from the Joint European Torus 
operated with the ITER-like wall (JET-ILW) consisting of Beryllium (Be) limiters in the main chamber and tungsten 

(W coatings and bulk metal) in the divertor [3]. They were analysed by complementary techniques: 3He-
based nuclear reaction analysis (NRA) using micro-beam and time-of-flight heavy ion elastic recoil detection 

analysis (ToF-HIERDA) with a gas detector [4] using bromine (32 MeV 82Br7+) and iodine (36 MeV 127I8+ and 

44 MeV 127I10+) beams. Additionally, microscopy techniques and profilometry were applied. 

The major objectives were to determine: (i) hydrogen (H, D) content and distribution on Be and W after 

experimental campaigns with different fueling; (ii) retention of seeded gases (3He,4He,14N,15N, Ar) and co-
deposition of Be, C, O, W on plasma-facing surfaces (PFS) and, in shadowed regions, e.g. gaps between the tiles 
and grooves of the castellation. The main results are summarized below. 

(a) The ratio of H-to-D on surfaces depends on plasma fueling in the last phase of campaigns. The sum of 
isotopes contents (H+D) on W lamellae remains similar thus indicating isotope exchange. 

(b) The content of impurities on Be limiter tiles changes with the position. On the surface of the inner wall 
guard limiter wings, the impurities amount to 20 atomic %, mainly O (10%), C, N, H isotopes and Inconel 
components. Inside the castellation C could be determined with HI-ERDA to be around 1%. 

(c) Deposits on sides of the bulk W tiles contain Be and C of a ratio around 1. Their content decreases with 

depth. The D concentration varies strongly: the maximum at 6×1017 cm-2. 

(d) On the PFS of the bulk W module the Be content reaches the level of 11.2×1017 cm-2, C at 8.7×1017 cm-

2, and D at 4.8×1015 cm-2, as measured with µ-NRA. 

Critical assessment of results and analysis methods will be presented. 

[1]  M. Rubel et al., Nucl. Instr. Meth. B 371 (2016) 4 
[2]  M. Mayer et al., Nucl. Fusion 60 (2020) 025001 
[3]  G.F. Matthews et al., Phys. Scr. T145 (2011) 14001  
[4]  P. Ström et al., Rev. Sci. Instrum. 87 (2016) 03303 
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Posters 

A new basic program for fitting X-ray spectra 

Ž Šmit 

Faculty of Mathematics and Physics, University of Ljubljana and Jožef Stefan Institute, Slovenia 

With new versions of computer operating systems, many data handling programs became obsolete, including 
free-accessible spectral fitting programs. Therefore, we decided to develop a new simple program for fitting X-ray 
spectra. The basics of the program include subtraction of the background and extraction of X-ray intensities. The 
activities are covered by the name Xantho. 

For background subtraction, a moving-window filter with specific weights (a variant of the Kolmogorov-Zurbenko 
filter) is applied on the convex parts of the spectra; these are detected by a top-hat transformation. X-ray peaks 
are assumed to be Gaussian, only below the silicon absorption edge, the peak shape was conveniently 
approximated by a sum of two Gaussians at a fixed ratio. K-alpha and K-beta lines can be fitted either individually 
or as an aggregate. Corrections to their ratio includes absorption in the added absorbers and in the target, as well 
the counting efficiency of the detector. For L-lines, the aggregates belonging to individual subshells are fitted 
independently. Individual lines at selected energies can also be defined.  

Non-linear fitting determines two parameters for energy calibration and two for energy resolution. A one-
dimensional parabolic expansion of χ2 is applied. A method for a two-dimensional expansion was developed as 
well, but it did not prove at spectra of low statistics, common in mapping experiments. The spectral region can be 
divided in separate parts, where the fitting procedure is performed in sequence.  

The purpose of the program is to obtain reliable X-ray intensities for further calculation of concentrations in 
analytical work and for mapping. The program is written in Free Pascal and is presently run in DOS, while the 
parameter file need be edited separately. For graphical inspection of the fit and residual, independent programs 
were written in Lazarus environment. The ongoing activities include building a combined user’s interface in 
Lazarus.  

A new method to measure the velocity distribution of sputtered neutral particles 

D Theuner, T Heckhoff, L Breuer, C Böttger, M Schleberger, and A Wucher 

Fakultät für Physik, Universität Duisburg-Essen, Germany 

Different velocities of sputtered particles have a crucial effect on the interpretation of mass spectra taken with a 
time-of-flight (ToF) spectrometer, since the signal intensity measured in such an instrument is often proportional 
to the number density of particles present in the sensitive volume of the spectrometer rather than their flux. A 
quantitative determination of, for instance, partial sputter yields from measured ToF secondary ion (SIMS) or 
neutral (SNMS) mass spectra therefore requires detailed knowledge of the respective emission velocity 
distribution. We have recently set up an MeV ToF-SIMS/SNMS system [1] at the GSI Helmholtz Centre in 
Darmstadt in order to investigate secondary particle emission under electronic sputtering conditions induced by 
the impact of swift heavy ion (SHI) projectiles with MeV/nucleon kinetic energy. Post-ionization of the secondary 
neutrals is performed by strong-field ionization utilizing a tightly focused high-intensity femtosecond IR laser 
beam. Previous experiments using this system have revealed that the overwhelming majority of particles sputtered 
under both irradiation conditions is emitted in the neutral charge state, thereby making post-ionization an 
elementary prerequisite for a quantitative determination of partial sputter yields [1]. The SHI beam provided by 
the UNILAC is operated at pulse lengths of the order of milliseconds, which makes a conventional flight time 
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selection of the post-ionized neutrals by using a short primary ion pulse in connection with a delayed post- 
ionization laser pulse impossible. Therefore, we have developed a new method to measure the emission velocity 
distribution of particles sputtered under these conditions, which relies on the fact that photo-ions generated by 
the laser post-ionization process drift in the field-free region above the surface, until the ion extraction pulse is 
fired at a selectable time after the post-ionization pulse. Variation of the delay between laser and extraction 
pulses therefore enables access to the particles’ velocity distribution, which is assumed to remain unchanged by 
the photoionization process. This way, it is in principle possible to determine the emission velocity distribution of 
sputtered neutral particles even under conditions when the primary ion bombardment is operated in dc mode. 

In this contribution, we will explain the details and subtleties of the newly developed method along with its 
application to different targets bombarded with 4.8 MeV/u 48Ca10+ and 197Au26+ ions at the M1 UNILAC 
accelerator beam line at GSI. In particular, we will highlight the importance of suitable data reduction methods in 
order to extract useful emission velocity spectra from the measured laser delay scans. We will show that the 
electronic sputtering process often results in the emission of slower secondary neutrals compared to nuclear 
sputtered atoms and molecules emitted from the same sample surface under keV Ar+ ion irradiation. 

[1]  F. Meinerzhagen, L. Breuer, H. Bukowska, M. Bender, D. Severin, M. Herder, H. Lebius, M. 
Schleberger, and A. Wucher, Review of Scientific Instruments 87 (2016), 013903 

Updated libraries for Geant4 X-ray fluorescence simulation 

Samer Bakr1, David D Cohen2, Rainer Siegele2, Sebastien Incerti3, Vladimir Ivanchenko4,5, Alfonso Mantero6, 
Anatoly Rosenfeld1,7, and Susanna Guatelli1,7 
1 Centre for Medical Radiation Physics, University of Wollongong, Australia, 2Centre for Accelerator Science, 
Nuclear Science and Technology Organization, Australia, 3Univ. Bordeaux, CNRS, France, 4 Geant4 Associates 
International Ltd, UK, 5Tomsk State University, Tomsk, Russia, 6 SWHARD s.r.l., Italy, 7Illawarra Health and Medical 
Research Institute, University of Wollongong, Australia 

PIXE describes the emission of secondary fluorescence induced by charged particles, such as protons and heavier 
ions, interacting with matter. This process involves removing one or more electrons from the K, L, or M shells of 
atoms within the target, followed by atomic de-excitation. This shell vacancy is subsequently filled by an electron 
from an outer shell, resulting in the emission of a characteristic X-ray. The elemental composition of the irradiated 
target is subsequently determined by detecting the fluorescence X-rays. The energy of the emitted X-rays 
identifies the elements in a sample, whereas the intensity of each specific X-ray line determines their 
concentration [1]. Geant4 [2] is a general-purpose Monte Carlo toolkit for modelling particle interactions in 
materials with energies ranging from a few eV to TeV. In the context of PIXE, Geant4 allows one to simulate the 
composition of both homogeneous and heterogeneous materials, as well as gaseous samples for environmental 
applications, planetary samples for geological and space science studies, and archaeological samples. We 
present the development and the usage of a new Geant4 data-driven library, named "ANSTO HF" library. This X-
ray fluorescence library is based on an approach that is particularly useful for PIXE simulation applications; 
nevertheless, it may be used in any Geant4 application that needs to describe X-ray fluorescence. The Hartree-
Fock (HF) approach was used to calculate the X-ray fluorescence transition probabilities, which is recognized to 
better match PIXE experimental results than the Hartree-Slater approach used in the current default Geant4 EADL 
data library. For targets bombarded with protons and particles with energy up to 10 MeV, an energy range of 
interest for PIXE applications, we compare the fluorescence X-ray spectra generated by the ANSTO HF library with 
the currently available library (EADL-1991 [3]) inside Geant4. The comparisons were carried out on a large 
number of different sample materials with a wide range of target atomic numbers. Using 2 MeV and 3 MeV proton 
and 10 MeV He2+ ion beams, these two methods were compared to current experimental observations made at 
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the ANSTO heavy ion microprobe beamline. As a valuable update to the Geant4 atomic de-excitation package, 
this work marks a step in the right direction. An excellent agreement was found between the experimental data 
and the Geant4 calculated emission spectra of X-ray emission. The G4-ANSTO libraries and models will be 
available to the Geant4 PIXE user community, providing a unique, self-consistent, and stable recommended 
approach. 

[1] H. R. Verma, “X-ray fluorescence (XRF) and particle-induced X-ray emission (PIXE),” At. Nucl. Anal. Methods 
XRF, Mössbauer, XPS, NAA B63Ion-Beam Spectrosc. Tech., pp. 1–90, 2007. 
[2] S. Agostinelli et al., “Geant4—a simulation toolkit,” Nucl. Instruments Methods Phys. Res. Sect. A Accel. 
Spectrometers, Detect. Assoc. Equip., vol. 506, no. 3, pp. 250–303, 2003. 
[3] S. T. Perkins, D. E. Cullen, M. H. Chen, J. Rathkopf, J. Scofield, and J. H. Hubbell, “Tables and Graphs of 
Atomic Subshell and Relaxation Data Derived from the LLNL Evaluated Atomic Data Library, ${Z}=1-100$,” Eadl, 
vol. 30, p. UCRL-50400, 1991. 

 A low-energy ion implantation set-up at the Tandem Laboratory, Uppsala University 

Shams-Latifi J1, Cederberg S2, Ström P1, Pitthan E1, and Primetzhofer D1,2 
1Department of Physics and Astronomy, Division of Applied Nuclear Physics, Uppsala University, Sweden, 2Tandem 
Laboratory, Uppsala University, Sweden 

Due to the decreasing size of devices, low-energy ions are becoming more frequently employed for near-surface 
modification of materials. For instance, high-flux low-energy ion irradiations are capable of simulating the effect of 
the fusion plasma on structural components of future fusion devices [1]. Compliant electrodes can be produced for 
applications like rollable displays and artificial muscles where the conducting material needs to withstand 
deformation or stretching while remaining conductive [2]. Furthermore, the electronic properties of 2D-materials 
like graphene and transition metal dichalcogenides (TMDs) can be tailored by utilizing low-energy ions to replace 
individual target atoms with dopants [3,4].     

The 10 keV ion implanter, presented in this contribution, is a new setup at Uppsala University’s Tandem Laboratory 
to initiate studies on the above-mentioned topics and provide the capability to perform low-energy implantations 
for users. Its lowest delivered beam energy produced from gas/solid sources to the sample position is expected to 
be 25 eV using a decelerator unit. The projectile ions can be selected with a relative mass difference of 
approximately 1/400, guaranteeing isotopically clean beams for all chemical elements. The goal is to achieve 
approximately 20 µA current in focused mode enabling a fluence of more than 1023 particles/m2 for gaseous 
species. Samples with a diameter up to 50 mm will fit on the sample holder and can be annealed up to 500°C. To 
achieve uniform implantation, the beam will be swept in x- and y-directions over the sample surface by a sweeper 
unit.      

[1]  Ström, P., Petersson, P., et al., Sputtering of polished EUROFER97 steel: Surface structure modification 
  and enrichment with tungsten and tantalum. J. Nucl. Mater.  508 (2018) 139-146.  
[2]  Rosset, S., Muhamed, N. et al., Metal ion implantation for the fabrication of stretchable electrodes on 

elastomers, Advanced Functional Materials 19, no. 3 (2009) 470-478. 
[3]  Bangert, U., William Pierce, D. M. et al., Ion Implantation of Graphene-Toward IC Compatible 

Technologies, Nano letters 13, no. 10 (2013) 4902-4907. 
[4]  Bangert, U., Stewart, A. et al., Ion-beam modification of 2-D materials-single implant atom analysis via 

annular dark-field electron microscopy, Ultramicroscopy 176 (2017) 31-36. 
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Particle orbit optimization in the beam extraction region of a cold cathode PIG negative ion source for electrostatic 
tandem accelerators 

Hong-Fu Liu1, Naoto Hagura1, Jun Kawarabayashi1, and Yoshiyuki Oguri2 
1Tokyo City University, Japan, 2Tokyo Institute of Technology, Japan 

Particle Induced X-ray Emission analysis (PIXE) is a powerful analytical method because it allows simultaneous 
multi-element analysis with high sensitivity in various fields such as environmental and medical sciences. Since 
the cross section of X-ray emission is so high that PIXE demands only low- current beams, typically in the range of 
10-9 A. Therefore tandem accelerators are widely used for PIXE, because they are more compact than single-
ended machines which deliver beams with the same energy but with much more intensity. However, tandem 
accelerators require a special ion source to produce negative ions, whereas single-end accelerators are based on 
a simple positive ion source. 

The 1.7 MV Pelletron tandem accelerator at the Atomic Energy Research Laboratory of Tokyo City University (TCU-
Tandem) started its operation in 2018 [1], and beam application studies including PIXE are being carried out [2-
5]. The TCU-Tandem uses a cold cathode PIG negative ion source. This source is characterized by its small size, 
low power consumption, and easy maintenance. However, the beam is deflected during extraction from the 
source because the beam is extracted perpendicular to the stray magnetic field from the discharge section. This is 
especially noticeable in the case of protons. In order to compensate the beam deflection, a small permanent 
magnet was installed in the extraction electrode. The effect of the beam orbit correction was investigated by 
numerical analysis as well as by experiments. From the measurement of beam current and beam spot positions 
at different positions along the beam line, it was confirmed that the beam transmission efficiency could be 
improved by introducing the permanent magnet for correction. 

[1]    N. Hagura, et al., Transactions of the Atomic Energy Society of Japan, Vol.17, No.3/4, pp.111- 117 
  (2018) [in Japanese] 
[2]    N. Hagura, et al., International Journal of PIXE, Vol.28, Issue 3&4, 77-84 (2018) 
[3]    N.  Hagura,  Y.  Okada,  16th  International  Conference  on Particle  Induced  X-ray  Emission 

(PIXE2019), PS2.11 (2019) 
[4]    S. Watanabe, et al., Nuclear Instruments and Methods in Physics Research, Section B: Beam 

Interactions with Materials and Atoms, 477, 60-65 (2020) 
[5]    Y.  Arai,  et  al.,  Nuclear  Instruments and  Methods in  Physics  Research,  Section B:  Beam 

Interactions with Materials and Atoms, 477, 54-59 (2020) 

Experimental scattering and recoil yields measured by ToF-ERDA for low energy heavy ions 

Mikko Kivekäs1, Mika Prunnilla2, Markku Kainlauri2, and Mikko Laitinen1 
1Department of Physics, University of Jyväskylä, Finland, 2VTT Technical Research Centre of Finland, Finland 

Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA) is powerful technique used for quantitative elemental 
depth profiling of thin film samples [1]. Using low energy heavy ion beam for ToF-ERDA measurements has at 
least 3 benefi increased film to substrate signal, less beam induced damage due to higher cross sections and 
increased depth resolution for the film [2]. However, the use of low energy, heavy ion beams introduces also 
some drawbacks. One of these include heavily screened scattering cross sections for low energy heavy ions – or 
at least the obvious mismatch between detected and calculation-based events in the detector. This mismatch is 
now being investigated with the experimental methods. 
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We have measured scattering and recoiling yields of several ion beams (Cl, Cu and I) with different energies (6-
15 MeV) on a very thin monoisotopic Au, Co and Nb film targets on a wet- grown SiO2 substrate. Measurements 
were carried using JYFL ToF-ERDA setup [1,3]. Thin film compositions we characterized beforehand using 2 MeV 
RBS setup to where ToF-ERDA results are compared against to. 

Our results demonstrate a clear mismatch for target areal density calculated from scattered and recoiled yields 
and have energy dependency when using heavy ion beams on heavy target material (Fig. 1). For example for the 
Au target, copper and iodine beam scattering yields stay rather constant through the measured beam energy 
range, while the recoil yield of the Au shows strong ion beam energy dependency. Reason of this mismatch is not 
yet well known, however some of it might be due to more pronounced scattering of slow heavier ions in ToF 
telescope or errors in tabulated cross sections for low energy heavy ion collisions. More detailed results together 
with the hypothesis of the origin of this mismatch will be presented. 

 

 

Fig 1: Au film density determined from A) scattering beam and B) recoiled target of ToF- ERDA measurements as function of 
incident beam energy. Recoils show significant dependency of incident beam energy while scatter yields are rather constant 
through measured energy range. Using 2 MeV RBS film density was determined to be (31 ± 2) × 1015 at./cm2. 

[1]  Mikko Laitinen, Improvement of Time-of-Flight spectrometer for elastic recoil detection analysis, PhD 
  Thesis (2013) Jyväskylä, Finland. 
[2]  S. Giangrandi, T. Sajavaara, B. Brijs, K. Arstila, A. Vantomme, W. Vandervorst, Nucl. Instr. and Meth. B 

266 (2008) p. 5144. 
[3]  J. Julin, M. Laitinen, T. Sajavaara, Nucl. Instr. and Meth. B 332 (2014) p. 271–274 
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Pre-Measurements of SiOx/Mo/SiO2/Si for new TOF-ERDA System to be Installed at Surrey Ion Beam Centre 

Callum McAleese1,2, M K Sharpe1, J Dulai1, R Smith1, P Couture1, T Sajavaara3, J Julin3, M Laitinen3, H Cox4, W Ng4, 
A Kenyon4, and J England1 
1Ion Beam Centre, University of Surrey, UK, 2Department of Physics, University of Surrey, UK, 3 Department of 
Physics, University of Jyväskylä, Finland, 4Department of Electronic & Electrical Engineering, UCL, UK 

Surrey Ion beam Centre will be receiving a new time of flight elastic recoil detection analysis (TOF- ERDA) in 
October manufactured by University of Jyvaskyla. Elastic Recoil Detection (ERD) relies on measuring particles that 
have been recoiled out of a sample of interest by a beam of primary ions. It can be considered a cousin of 
Rutherford Backscattering Spectroscopy (RBS) in which the scattered primary ions are measured [1]. 
Conventional ERD uses a solid state detector to measure the energy of the secondary particles recoiled in a 
chosen direction. A stopper foil is placed in front of the detector to separate the recoiled secondary species from 
scattered primary ions; the experimental energy and foil thickness are chosen such that the primaries are entirely 
stopped in the foil but secondary particles can penetrate the foil to reach the detector. TOF-ERDA replaces the foil 
and solid state detector system by a time of flight telescope and gas filled detector. The time of flight and energy 
of the secondary and primary ions are measured [2]. 

TOF-ERDA has a number of advantages over conventional ERD. Being able to plot energy vs time of flight enables 
the separation of elements for quantitative determination of the species that comprise the sample. The lack of a 
stopper foil allows deeper analysis into the sample along with the lack of straggle imparted by foils causing no 
degradation on energy resolution. TOF-ERDA detects both the secondary (ERD) and primary ions (RBS) so can be 
used in conjunction and compared to improve analysis. 

TOF-ERDA requires several considerations for quantitative analysis mainly due to the sample being altered by the 
primary beam interactions. Although depth analysis is not achieved by sputtering away the complete substrate 
(such as in dynamic SIMS or dynamic XPS) the ERD technique relies on measuring secondary species recoiled 
out of the target. Depending on characteristics of the sample, the composition does alter throughout the 
measurement. Organic samples are likely to change more than inorganic samples. Further to this, spectra at low 
energies can be complicated by multiple scattering. The standard software used to analyse this, Potku with 
MCERD [1][2], can model some of these effects, although the recoil cross sections for heavy Z elements require 
further understanding. 

This poster will show early results and models analysing various samples measured as part of testing the TOF-
ERDA system. These include 25nm SiOx/65nm Mo/1um SiO2/Si samples grown by UCL. Due to the analysis 
depth, part of the lower SiO2 and the Si substrate are not detected by the TOF-ERDA. Along with a H implanted Si, 
produced using 40keV H2 for fluence 2.62x1016cm-2. 

[1]  M Döbeli, J. Phys.: Condens. Matter 20, 264010 (2008) 
[2]  J. Julin et al, Rev. Sci. Instrum. 87, 083309 (2016) 
[3]  K. Arstila et al., Nucl. Instr. and Meth. in Phys. Res. B 331 (2014) [4] K. Arstila et al., Nucl. Instr. and 

Meth. in Phys. Res. B 174 (2001) 
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Analytical Spectrometry Software Environment for Total-IBA, a new data analysis interface 

M A Reis1,2, G Fonseca1,2, P C Chaves1,2, A Taborda2, C Pascual-Izarra3, C Jeynes4, T J Pollock5, and M L Sundquist5 
1C2TN, Centro de Ciências e Tecnologias Nucleares, IST/ULisboa, Portugal, 2Ad Fisicateca, Portugal, 3Computing 
Division, ALBA Synchrotron, Spain, 4University of Surrey Ion Beam Centre, UK, 5National Electrostatics Corp., USA 

The “Total-IBA” concept (PIXE, RBS, EBS, ERD, NRA in synergy) started on a coffee-table talk between 

N.P. Barradas and M.A. Reis on the end of the 1990s, the purpose being to integrate DataFurnace[1] and 
DATTPIXE[2] in a single code. After twenty years and many developments, it is now an established concept[3], 
but without a user friendly software environment. AdFisicateca with the sponsoring of NEC assumed the work and 
the “AdF_ASSET” was created as a Python code written to provide a vintage friendly user interface that speeeds 
up the use of the separate PIXE and RBS/EBS/ERD/NRA code packages in an integrated environment. The full 
use of this package enables the full exploitation of the Total-IBA synergy by simultaneously working with different 
independent software, all under the AdF_ASSET interface. Versatility of AdF_ASSET emerges from the use of free 
and open source Python libraries, such as PyGObject, Matplolib and Numpy, to revisit and boost the proven 
simplicity and efficience of the DATTPIXE interface, which was converted to a new and handy package that 
provides graphs and plots ready to publish. 

 

Fig.1: Interface of the AdF_ASSET environment. Icons are not used and the feeling is vintage like, having a terminal window 
that can be used to interact directly with the software for improved performance and specific requests. 
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DT2Py a DT2 code Python interface, geological samples mapping made easy 

P C Chaves1,2, G Fonseca1,2, A Taborda2, D P S de Oliveira3, and M A Reis1,2 
1C2TN, Centro de Ciências e Tecnologias Nucleares, Instituto Superior Técnico, Universidade de Lisboa, Portugal, 
2Ad Fisicateca, Portugal, 3Laboratório Nacional de Energia e Geologia (LNEG), Portugal 

A sample collected from a borehole drilled approximately 10 km ESE of Bragança, Trás-os-Montes, was analysed 
by standard and high energy PIXE at both C2TN (previous ITN) PIXE setups, the results being reported before [1]. 
The sample is a fine-grained metapyroxenite grading to coarse-grained in the base with disseminated sulphides 
and fine veinlets of pyrrhotite and pyrite. Matrix composition was obtained at the standard PIXE setup using a 
1.25 MeV H+ beam at three different spots. Medium and high Z elemental concentrations were then determined 
using the DT2fit[2] and DT2simul codes[3] (Reis et al., 2008, 2013 [1,2]). In this work we present results from 
the High Energy PIXE mapping of 72 spots irradiated using a 

3.8 MeV proton beam provided by the C2TN 3 MV Tandetron accelerator. Spectra were collected using the CdTe 
detector available in the C2TN HRHE-PIXE facilities. The simplicity of carrying out such a task using the new DT2Py 
interface are presented and discussed. 

 

 

Fig.1: High Energy PIXE spectra collected with CdTe detector on two different spots in a pristine metapyroxenite sample 
collected in the North of Portugal at Bragança – Trás-os-Montes. Black line corresponds to a vertical zoom (right vertical 
scale) of the grey region spectra (left vertical scale) in order to visualise the less intense contributions (in ref.[1]). 

[1] P.C. Chaves, A. Taborda, D.P.S. de Oliveira, M.A. Reis, CdTe detector based PIXE mapping of 
geological samples, Nuclear Instruments and Methods in Physics Research B 318 (2014) 37–41 

[2]  M.A. Reis, P. C. Chaves, L.C. Alves, N. P. Barradas, DT2, a PIXE spectra simulation and fitting 
package, X-Ray Spectrom. 37 (2008) 100–102 

[3]  M.A. Reis, P.C. Chaves, A. Taborda, J.P. Marques, N.P. Barradas, Fixed and free line ratio DT2 PIXE 
fitting and simulation package, Nuclear Instruments and Methods in Physics Research B 318 (2014) 
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Dual-polarity cluster MeV-SIMS  

K-U Miltenberger, M Döbeli, A M Müller, C Vockenhuber, H-A Synal  

Laboratory of Ion Beam Physics, ETH Zürich, Switzerland  

To study the emission of secondary ions of both polarities, the Capillary Heavy Ion MeV-SIMS Probe (CHIMP) at 
ETH Zurich [1,2] has been equipped with a simultaneous dual-polarity mass spectrometer setup [3]. As a start 
signal for both the positive and negative Time-of-Flight spectrometers secondary electrons are separated within 
the negative spectrometer and separately detected. This allows for a continuous acquisition and the correlation of 
any secondary ions of different polarities which are emitted from a single primary ion impact. A set of 
measurements conducted with small primary Cn cluster ions on an Arginine sample was conducted to study the 
influence of primary ion cluster size on the process of secondary ion emission. The data exhibits a significant 
increase in the multiplicity emitted secondary ions when moving towards larger primary cluster ions. Additionally, 
the ratio of corresponding pairs of positive and negative secondary ions shifts and approaches parity when larger 
primary cluster ions are used. The dual-polarity ToF setup and data highlighting its potential for experiments 
studying desorption and ionization processes in MeV-SIMS will be presented and the observed cluster effects will 
be discussed.  

[1]  M. Schulte-Borchers, M. Döbeli, A. M. Müller, M. George, H.-A. Synal. Time of Flight MeV-SIMS with 
  beam induced secondary electron trigger. Nucl. Instr. Meth. B 380 (2016) 94.  
[2]  K.-U. Miltenberger, M. Schulte-Borchers, M. Döbeli, A. M. Müller, M. George, H.-A. Synal. MeVSIMS 

capillary microprobe for molecular imaging. Nucl. Instr. Meth. B 412 (2017) 185.  
[3]  K.-U. Miltenberger, M. Döbeli, C. Vockenhuber, H.-A. Synal. A simultaneous dual-polarity mass 

spectrometer with electron start for MeV-SIMS. Submitted to Nucl. Instr. Meth. B. 

On the problem of surface relief development during gas cluster ion beam depth profiling 

A E Ieshkin, D S Kireev, and M O Ryabtsev 

Lomonosov Moscow State University, Russia 

Gas cluster ion sources are widely used in commercial analytical equipment for surface cleaning and depth profiling 
(XPS, SIMS) or as the primary beam (SIMS). They became a very convenient and versatile tool due to their unique 
properties. A cluster ion consists of 100 – 10 000 atoms and carries a charge of one or a few elementary charges. 
When such a cluster is accelerated up to a few keV, the average kinetic energy per one atom can be finely tuned in 
the range of electronvolts. Such a cluster does not penetrate deeply into the sample and does not disturb the 
subsurface layers during cleaning or etching. Used for organic SIMS analysis, it is capable on detaching a large 
molecule from the surface without its fragmentation [1, 2]. 

Though gas cluster ion beams (GCIB) are well known for their smoothing effect in the case of normal ion beam 
incidence, inclined GCIB irradiation can result in surface relief development [3]. From the point of view of depth 
profiling, such a relief can significantly decrease depth resolution during analysis. It becomes a problem, since 
most of the commercial equipment uses off-normally directed GCIB guns. 

In our report we give a short overview of the data known today, as well as present the results of our own experiments, 
on eliminating the impact of the developing surface relief on analysis results. Surface topography evolution was 
studied for simple metals, alloys and semiconductors. Examples of surface topography obtained for various GCIB 
sputtering modes are shown in Fig. 1. 
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Fig. 1. SEM images of surface topography obtained in different modes of GCIB sputtering. 
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[3]  N. Toyoda et al. Cluster beams, nano-ripples, and bio applications. Appl. Phys. Rev. 6 (2019) 020901. 
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An expert system for improving the quality of IBA simulations by SIMNRA 

M Mayer 

Max-Planck-Institut für Plasmaphysik, Germany 

Software for the simulation of IBA measurements, such as Rutherford backscattering (RBS), elastic recoil 
detection analysis (ERDA) non-resonant nuclear reaction analysis (NRA), or particle-induced Gamma ray 
emission (PIGE) is well developed [1], and popular codes such as SIMNRA or NDF provide high accuracy of 
simulations. In most cases, the accuracy of simulations is determined by the accuracy of basic input data (such 
as stopping powers, straggling models, or cross-section data) and not by implementation details of the codes 
[2]. 

All codes provide a large number of different input data selectable by the user: SIMNRA for example provides six 
different stopping power models, three different straggling models, several models for the shape of straggling 
distributions, small and large angle scattering can be switched on or off, etc. This large number of possibilities 
renders it difficult especially for inexperienced users to select the most accurate models for a given ion/target 
combination, ion energy and geometry. The default settings of simulation codes are usually driven by 
programming or legal requirements, such as public availability of data or the permission to distribute additional 
third-party software: The default settings are therefore not necessarily the most accurate ones for a given 
measurement. 



                       

                                 

96 
 

IBA&PIXE-SIMS 2021 
11-15 October 2021 

SIMNRA 7.04 implements a new expert system, that supports users in selecting the most accurate simulation 
settings for a given ion/target combination at a given energy and geometry. The expert system is a piece of 
artificial intelligence implemented through a system of If-Then rules and emulates the ability and knowledge of a 
human IBA expert. It points out potential problems with the current simulation parameters and recommends 
model settings with enhanced accuracy for a given experiment in order to improve the quality and accuracy of 
IBA simulations and data analysis. An additional design parameter was to propel the use of metadata of 
measurements, such as live- and real times or pile-up parameters, which can improve simulation accuracy but 
are often disregarded. 

[1]  E. Rauhala et al., Status of ion beam data analysis and simulation software, Nucl. Instrum. Methods 
Phys. Res. B 244 (2006) 436 
[2]  N.P. Barradas et al., International Atomic Energy Agency intercomparison of ion beam analysis 
software, Nucl. Instrum. Methods Phys. Res. B 262 (2007) 281 

Silicon Drift Detector response function for high energy X-rays for PIXE spectra fitting 

Massimo Chiari, Giulia Calzolai, Fabio Giardi, Giulia Pazzi, Franco Lucarelli, and Silvia Nava 

INFN-Florence and Department of Physics and Astronomy, University of Florence, Italy 

The accurate determination of the X-ray peak areas in PIXE spectra by fitting with a computer program requires 
an adequately good parametrization of the detector response function. In the Guelph PIXE software package, 
GUPIXWIN, the most used PIXE spectra analysis code, the response of a semiconductor detector to 
monochromatic X-ray radiation is described by a linear combination of several analytical functions: Gaussian 
or Voigt for the X-ray line itself, and additional tail contributions (exponential tails and step functions) on 
the low-energy side of the X-ray line to simulate incomplete charge collection effects. In a previous work the 
parameters used in GUPIXWin to describe and reproduce the X-ray lineshape and its tailing have been 
determined for the first time for several Silicon Drift Detector (SDD) devices for the X-ray energy range from 
1 to 15 keV [1]. 

In this work we present additional measurements to extend the study of the behaviour of the parameters 
involved in the SDD tailing functions to higher X-ray energies, up to 25 keV. Following the same experimental 
procedure used in the previous work [1], a series of thick ultra- pure (99.99+%) mono-elemental targets were 
irradiated with low intensity 2 MeV protons and corresponding X-ray spectra from 15 to 25 keV were measured 
using several SDD devices used for routine PIXE analysis at the INFN LABEC laboratory in Florence, differing for 

thickness and active area (10, 30, 80 and 150 mm2 from Ketek GmbH, and 50 mm2 from Amptek Inc.). An 
attempt to describe with simple polynomial functions the dependence of the parameters of the analytical 
functions used in GUPIXWIN to reproduce the SDD response function (Fig. 1) on the whole X-ray energy, for easy 
implementation in GUPIXWIN, is also presented. 



                       

                                 

97 
 

IBA&PIXE-SIMS 2021 
11-15 October 2021 

 
 

Fig. 1: Example of the result of the fit to the X-ray spectrum of the Mo thick target collected with the 
largest area SDD, 150 mm2. 

[1]  Calzolai et al. Nucl. Instr. and Meth. B 417 (2018) 51-55  

Modelling Ultra Low Energy O2 SIMS of Si:Ge Delta Layers Using TRI3DYN 

Matthew K Sharpe, and J England 

University of Surrey, UK 

Secondary ion mass spectrometry (SIMS) of silicon based devices is complicated by formation of native surface 
oxide layers. Using an O2 beam is hoped to increase sensitivity, by creating an even oxide layer that will remain 
constant within the depth of interest. The beam energy should be as low as possible to reduce ion beam mixing 
effects. Low energy bombardment produces a changing altered surface layer dependant on angle of incidence, 
which causes problems with simple conversion of sputtered time to sputtered depth unless an equilibrium is 
reached quickly. Being able to minimise the altered layer effects on the SIMS process is vital to provide accurate 
results for the material as well as understanding its nature and evolution during the process. Generally, modelling 
can provide useful insight into the fundamental processes responsible for experimental observations. 

In this work, we investigate the use of TRIDYN/TRI3DYN to model the O2 SIMS process to better understand the 
altered oxide layer formed and how it changes during SIMS. The SIMS process was modelled on Si:Ge delta 
samples and the sputter yield along with the effects of the induced oxide surface layer were compared for 
different conditions, such as beam energy and angle to normal, and to the experimental SIMS results. To model 
the SIMS process accurately, careful selection of the different parameters used in the simulation were required. 
These included the surface binding energies for each element present as well as the relaxation method used 
between each fluence step. By optimising the parameters, we were able to accurately produce a comparable Ge 
sputter yield to the experimental SIMS results. The simulations showed that surface roughness and the evolution 
of the altered oxide layer have a substantial effect of the Ge sputter yield. These effects can cause inaccuracies in 
the SIMS results such as signal broadening and layer mixing effects. Also, it was shown that the beam induced 
altered oxide layer can cause Ge trapping below or within the layer which causes further signal broadening. The 
optimum SIMS conditions were modelled to have a good compromise between surface roughness effects and 
minimisation of Ge trapping due to the oxide surface. 

The simulation results will be discussed in detail.  
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Generation of ultrashort Ne
q+ 

ion pulses in the keV energy range: numerical simulations 

P Kucharczyk, M Schleberger, K Sokolowski-Tinten, and A Wucher 

Fakultät für Physik, Universität Duisburg-Essen, Germany  

We present numerical calculations regarding a concept to generate ultrashort Neq+ ion pulses at ion energies in the 
keV range. The ions are generated via femtosecond photoionization of rare gas atoms entrained in a supersonic 
neon jet, and the generated photoions are extracted from the ionization region using an ion-optical bunching 
electrode configuration consisting of two (nearly) homogeneous electric fields tuned to provide first order flight time 
focusing conditions at the position of the target surface. The ultimate goal of the project is to generate ion pulses 
with (sub)-picosecond temporal duration, which can then be used to investigate the fast dynamics following a 
particle impact onto a solid surface via laser-based pump-probe experiments. In order to stay in the nuclear stopping 
regime and allow the investigation of, for instance, collisional sputtering effects, the kinetic ion energy of the ions is 
restricted to the keV range, thereby making the generation of short ion pulses a challenging task. 

Due to the large number of parameters, e.g. the density distribution of neutral atoms in the supersonic beam, the 
intensity profile of the ionization laser beam, the resulting charge state and density distributions of the generated 
ions as well as the exact buncher geometry including fringe field effects, the design of the corresponding experimental 
setup relies heavily on the ability to predict the resulting ion pulse by numerical simulations with sufficient accuracy. 
We have therefore performed detailed ion trajectory simulations using the General Particle Tracer (GPT) in 
combination with the Charged Particle Optics (CPO) software package in order to provide insights into ion pulse 
properties and possible optimization parameters. Due to the relatively small number of ions per pulse, we account for 
the full coulombic interaction of all ions without making any further assumptions in GPT, but neglect possible space 
charge induced modifications to the CPO-calculated field. To simulate the initial spatial distribution of the generated 
ions, standard strong-field photoionization theory is used in connection with the assumption of a gaussian laser 
intensity profile. Due to the geometric cooling of the neutral atoms in the supersonic beam, the initial momentum 
distribution of the ions is mainly determined by the recoil momentum of the liberated photoelectrons. Tracking the 
resulting ion trajectories reveals that i) the ion flight time towards the target surface can be calculated with sufficient 

accuracy and ii) the generation of Neq+ ion pulses at keV energies with 1 q 3 and picosecond duration is in 
principle feasible. 

In first investigations regarding the space charge broadening, we examine the influence of the variation of the neutral 
atom density as well as the variation of the laser focus, leading to generated photoion clouds with varying spatial and 
charge state distributions. From the analysis of the predicted temporal shape of the resulting ion pulses, we conclude 
that our initial approach to focus the ionization laser beam to the smallest achievable spot size is not optimal, since the 
laser focus critically affects the charge density distribution at ionization time and, hence, the space charge broadening 
[1]. In a next step of complexity we observe that only for single ion pulses the correct establishment of first order flight 
time focusing conditions leads to most compact temporal shapes of the resulting arrival time distribution at the target 
surface. For pulses containing more than one ion, we will show that it is possible to partly compensate the predicted 
space charge broadening by a controlled detuning of the flight time focusing conditions, thereby allowing the 

generation of pulses containing more than 1000 5-keV Ne+ ions at several picosecond width. Finally we present 
calculations, in which we apply a deceleration field in the nominally field free region of the buncher. In connection with 
a suitable change of the buncher geometry, we show that it is possible to reduce the kinetic impact energy of the 
ions at the target surface down to about 1 keV without a significant broadening of the predicted temporal shape of 
the resulting ion pulses. 

[1]  P. Kucharczyk, A. Golombek, A. Wucher, Nucl. Instrum. Meth. B 483 (2020) 41. 
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Energy retention in swift heavy ion irradiated thin graphite films 

Iveković D1, Žugec P2, and Karlušić M1 

1Ruđer Bošković Institute, Croatia, 2Faculty of Science - Department od Physics, Croatia 

Swift heavy ion (SHI) beams are a unique tool for materials nanostructuring with diverse uses such as nanomembrane 
production, catalysis, sensing or optical waveguide fabrication. All of these applications are enabled by the material 
damage produced along the SHI path. Current understanding of this damage formation in insulators and 
semiconductors is based on the thermal spike model, that intense electronic excitation caused by SHI passage can 
lead to material heating via electron-phonon coupling. If deposited energy is sufficiently high, this can lead to material 
melting and ultimately to formation of permanent damage, as defects remain “frozen” during rapid cooling. SHI beams 
have also been found to be very useful in 2D materials nanostructuring. For example, perforation of graphene has been 
found in wide range of energies [1-3] and production of graphene nanomembranes in this way has been successfully 
demonstrated [4]. Still, it remains an open question if damage formation in graphene and similar 2D materials can 
proceed in the above manner. More specifically, SHI impact in 2D material and thin film targets, could be less 
damaging because deposited energy can dissipate away by emitted secondary electrons. Here we present results of 
our analyses, based on Geant4 simulations, of energy dissipation in thin graphite and silicon targets. We found that 
even for the thinnest targets in our study, the majority of the deposited energy still remains within the target. 

[1] S. Akcöltekin, H. Bukowska, T. Peters, O. Osmani, I. Monnet, I. Alhazer, B. Ban-d’Etat, H. Lebius, M. 
Schleberger, Unzipping and folding of graphene by swift heavy ions, Appl. Phys. Lett. 98 (2011) 103103. 

[2] O. Ochedowski, O. Lehtinen, U. Kaiser, A. Turchanin, B. Ban-d`Etat, H. Lebius, M. Karlušić, M. Jakšić, and M. 
Schleberger, Nanostructuring Graphene by Dense Electronic Excitation, Nanotechnology 26 (2015) 465302. 

[3] H. Vázquez, E. H. Ahlgren, O. Ochedowski, A. A. Leino, R. Mirzayev, R. Kozubek, H. Lebius, M. Karlušić, M. 
Jakšić, A. V. Krasheninnikov, J. Kotakoski, M. Schleberger, K. Nordlund, and F. Djurabekova, Creating 
nanoporous graphene with swift heavy ions, Carbon 114 (2017) 511. 

[4] L. Madauss et al., Fabrication of Nanoporous Graphene/Polymer Composite Membranes, Nanoscale 9 (2017) 
10487. 

Simulating the nanometric track-structure of carbon ion beams in liquid water at energies relevant for hadrontherapy 

Pablo de Vera1, Stefano Simonucci2, Paolo E Trevisanutto1, Isabel Abril3, Maurizio Dapor1, Simone Taioli1, and Rafael 
Garcia-Molina4 
1European Centre for Theoretical Studies in Nuclear Physics and Related Areas (ECT*-FBK) and Institute for 
Fundamental Physics and Applications (TIFPA- INFN), Italy, 2School of Science and Technology, University of Camerino, 
and INFN, Sezione di Perugia, Italy, 3Departament de Física Aplicada, Universitat d’Alacant, Spain, 4Departamento de 
Física - Centro de Investigación en Óptica y Nanofísica (CIOyN), Universidad de Murcia, Spain  

Among the many applications of ion beams interaction with materials, the irradiation of living tissues with energetic 
carbon ions is attracting much attention for its benefits for treating deep- seated tumours in the technique known 
as hadrontherapy [1]. Due to the characteristic track- structure of carbon ions (as compared to the photon beams 
used in conventional radiotherapy), they produce large clusters of inelastic events within a few turns of the sensitive 
DNA molecules, thus presenting a large relative biological effectiveness or cell-killing ability [2]. 

The development of accurate biophysical models requires the detailed simulation of carbon ions track-structure in 
liquid water (the main constituent of biological tissue) in a wide energy range, from the MeV/u energies of the 
primary therapeutic beams down to the keV/u energies at which the stopping power and biological effects are 
largest. For this purpose, probability distributions (cross sections) of electronic excitations by both carbon ions and 
their secondary electrons need to be accurately known, to be used within Monte Carlo radiation transport simulation 
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codes. 

Reliable inelastic cross sections can be obtained by means of the dielectric formalism for both ions and electrons 
in liquid water if its electronic excitation spectrum is accurately known [3]. The latter has been calculated from 
time-dependent density functional theory (TDDFT) [3] in excellent agreement with the available experimental data 
[4]. From it, differential and total cross sections for electronic excitation and ionisation have been calculated and 
used within the Monte Carlo code SEED, in order to assess the clustering of damaging events produced by carbon 
ions, in a wide energy range, in nanocylinders of volume equivalent to two DNA convolutions [3]. 

Simulations agree fairly well with ionisation cluster size distributions measured on the nanoscale. Calculations 
also allow assessing how different physical mechanisms (dissociative electronic excitations, ionisations and 
dissociative electron attachment, DEA) contribute to the direct complex biodamage patterns induced by carbon ions. 
It is shown that ionisations (the only easily measurable channel) contribute ~70% to the average damage cluster 
size, independently of the ion energy and distance to the DNA target, while DEA only plays a minor role. 

[1]  D. K. Ebner, T. Kamada, Front. Oncol. 6 (2016) 140 
[2]  D. Schardt, T. Elsässer, D. Schulz-Ertner, Rev. Mod. Phys. 82 (2010) 383 
[3]  S. Taioli, P. E. Trevisanutto, P. de Vera, S. Simonucci, I. Abril, R. Garcia-Molina, M. Dapor, J. Phys. Chem. Lett. 

12 (2021) 487 
[4]  H. Hayashi, N. Watanabe, Y. Udagawa, C.-C. Kao, PNAS 97 (2000) 6264 

Assessing electronic excitations in self-supporting, single crystalline Si and SiC foils by keV ions 

Ntemou E1, Holeňák R1, and Primetzhofer D1 
1Department of Physics and Astronomy, Uppsala University, Sweden 

Introduction 

Accurate knowledge of the energy deposition of slow ions (near the Bohr velocity) in matter is the first step in 
understanding how dynamic processes such as charge exchange can contribute to target excitation. Moreover, 
knowledge of the energy loss is a necessity for materials characterization and modification based on energetic ions, 
e.g. ion beam analysis, ion implantation, irradiation, sputtering or hadron therapy. 

Silicon is a widely used material, especially in electronics. Silicon carbide (SiC) has gained interest in a similar context 
over the past few years since it exhibits excellent physical and electronic properties e.g. wide bandgap and high 
radiation tolerance. Such properties render SiC an ideal material for use in high-temperature power electronics and in 
harsh environments, e.g. fusion devices or space applications [1,2]. Data on the energy deposition of ion in SiC at ion 
energies below the Bragg maximum is scarce and furthermore largely obtained from a combination of ion implantation 
and secondary ion mass spectrometry experiments [3]. 

Experimental setup 

Experiments were carried-out using the Time-of-Flight Medium Energy Ion Scattering System at the 350 keV Danfysik 
Implanter at the Uppsala University. Pulsed beams of H, He and heavier ions, with typical pulse length of ~1 ns, were 
directed on the Si and SiC self- supporting foils with energies between 40 – 300 keV. The transmitted ions were 
detected by a large-angle, position-sensitive detector. The targets were self-supporting, single- crystalline Si (100) 
(nominal thicknesses 50 and 200 nm) and SiC (100) (nominal thickness 200 nm) foils (Norcada Inc.). 

Results and Discussion 
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Energy loss was measured along random and several different channelling trajectories for both Si and SiC. The specific 
energy loss was calculated and compared for all ions in different trajectories and for both foils. Data is compared with 
SRIM predictions [4]. Ions heavier than protons, show a similar, energy-dependent discrepancy between electronic 
stopping along random and channelling trajectories for SiC (100) as earlier observed for Si (100) [5]. The 
experimental results of these single crystals can serve for benchmarking theoretical models which predict equilibrium 
(DTF) and non-equilibrium (TD-DFT) electronic structures for solids. 
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Fig. 1: (a) 2D intensity distribution of 60 keV He ions transmitted through a SiC self supporting foil (100) with 200 nm nominal 
thickness with incidence in random orientation (b) 2D intensity distribution of 182 keV He ions transmitted through a Si self 
supporting foil (100) with 200 nm nominal thickness with incidence in random orientation. 

12C(3He,px)14N cross sections for nuclear reaction analysis at energies up to 6 MeV 

L Hess, M Mayer, A Manhard, T Schwarz-Selinger, and T Dürbeck 

Max-Planck-Institut für Plasmaphysik, Germany 

Ion beam analysis of plasma-facing components plays an important role in fusion research for studying material erosion, 
transport, redeposition and hydrogen inventory [1]. For light elements the preferred method often is Nuclear Reaction 

Analysis (NRA). An important group of reactions for detecting carbon are the 12C(3He,px)14N reactions at incident 
energies up to 6 MeV. However, available cross-section data for these reactions are limited to x = 0 to 2 and show a 
large scatter between different authors. The most extensive data set by Provatas et al. [2] covers the angular range 
from 107° to 164° and is limited to energies below 2.86 MeV. Cross-section data for energies above 3 MeV are very 

scarce. In this work, the cross sections for 12C(3He,px)14N with x = 0 to 5 were measured at reaction angles of 135° 
and 175° in the energy range from 1500 to 6000 keV. 

To obtain the results 6 targets were used, of these 3 consist of a silicon substrate and the other 3 consist of a 

chromium substrate. All targets were then coated with a 110 nm thick amorphous, deuterated carbon (a-12C:H) layer 

and a 3 nm thick gold layer. These targets were then examined at the TANDEM-accelerator at IPP in Garching with a 3He 
ion beam at energies ranging from 1500 keV to 3500 keV and 1500 keV to 6000 keV, for the silicon and chromium 

https://www-nds.iaea.org/stopping/
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substrate targets respectively, with steps of 50 keV. At energies above about 3500 keV the Si substrates produced a 
high background of protons from parasitic reactions, so that at higher energies the Cr substrates had to be used. The 
protons from the nuclear reactions were detected at angles of 135°, 165° and 175°. The NRA spectra were 
recorded simultaneously with backscattering spectra at 165°, allowing deriving the wanted NRA cross-sections from 

the well-known backscattering cross-section of 3He from gold. 

The derived cross-sections are compared to previous work and are benchmarked with bulk carbon targets. 
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Fig.1: Visualising three PIXE spectra at the same time using the AdF_ASSET interface. 
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Molecular Dynamics Modelling of Dynamic XPS Cluster Sputtering 

Alexander Rubinstein1, H Oppong-Mensah1, M K Sharpe1, Tim Nunney2, Mark Baker1, R Webb1, and J England1 

1Ion Beam Centre, Advanced Technology Institute, University of Surrey, UK, 2Thermo Fisher Scientific, UK 

X-ray Photoelectron Spectroscopy (XPS) is a measurement technique that reports the elemental composition and 
chemical state of surfaces. For elemental depth profiling, dynamic XPS uses an ion beam to sputter through a 
sample. XPS measurements of the exposed surface as the sputtering progresses are carried out. Traditionally 

monoatomic ions, such as Ar+, have been used to sputter samples. This often causes the sample composition to 
be incorrectly reported due to preferential sputtering and surface enrichment. The use of Ar clusters has been proposed 
as one possible solution to the surface disruption due to their relatively small penetration depth compared to 
monoatomic ions. 

Modelling provides a useful insight into the mechanisms of sputtering and the choice of experimental parameters to 
minimise the observed preferential sputtering. For the modelling of monoatomic processes, binary collision 
approximation (BCA) based programs such as TRIDYN are sufficient. However, because of the low energies per cluster 
atom (<30eV/atom), the BCA is not correct when modelling cluster impacts. The BCA is also only able to model 
single ion collisions and hence is not suitable for the modelling of atoms withing a cluster. In this work we investigated 
the use of Molecular Dynamics (MD) to model Ar cluster sputtering of crystalline GaAs. 

MD evaluates each atom individually, solving Newton’s equations for the inter-atomic forces specified in the input 
parameters. Due to the computational power required, it is only possible to use MD to model a small number of 
cluster impacts, not a complete sputter process. Therefore, single cluster impacts have been modelled and the sputter 
yield per cluster ion used as a metric to measure the change in target composition. This presentation will show the 
predicted effects of changing Ar cluster size and energy on preferential sputtering of a GaAs surface. The simulation 
results will be discussed in detail. 

JaBS: Open source simulation and fitting code for RBS 

Jaakko Julin 

University of Jyvaskyla, Finland  

A new computer simulation code called JaBS [1] has been developed to simulate energy spectra of a typical 
Rutherford Backscattering (RBS) experiment. The newly developed C/C++ code runs on Windows, macOS and 
Linux and is computationally similar to the popular SIMNRA program and in many cases produces identical simulated 
spectra, within numerical accuracy. Since the code is still in its infancy not all the features of NDF and SIMNRA 
have been implemented yet. 
From an ion beam physics point of view the basics have been implemented, for exam- ple the incident and scattered 
ions slow down due to electronic and nuclear stopping, the energy distributions are broadened by energy loss 
straggling, arbitrary detector and sample geometries are possible and roughness of layers can be modeled. 

There is preliminary support for ERD and elastic backscattering (EBS), the latter with help of user-provided R33 
cross-section files. Atomic and electronic stopping data are ob- tained from the Jyväskylä Ion Beam Analysis Library 
(JIBAL), which is also used by the ToF-ERDA analysis software Potku. Fitting of simulated spectra is possible using 
Leven- berg–Marquardt algorithm from the GNU Scientific Library (GSL). Multiple spectra from detectors in different 
geometries can be simulated and fitted at the same time. 

As a major difference to most existing simulation codes the JaBS code is free software and released under GPL open 
source license and so the users are allowed to modify and distribute the code under the terms of the license and use 
it freely for whatever purpose.  The code can be used with a Qt 6 based graphical user interface (GUI) or from the 
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command line, optionally interactively, and the intended use is for users to write simple human readable scripts to 
define e.g. ion beam parameters and fitting ranges. The aim is to create a program which is flexible enough enable both 
semi-automated scripted analysis for analyzing batches of samples and interactive use. 
This presentation discusses the capabilities and limitations of the code in its current state. Examples of use in 
real-world scenarios will be provided and future possibilities are presented. 

 

Fig. 1: Screenshot of the graphical user interface of JaBS on macOS. The program has been used to fit 
layer thicknesses and roughness (gamma distribution) as well as some ex- perimental parameters. 

[1]    JaBS  at  GitHub:   https://github.com/JYU-IBA/jabs  

Potential Ar-Si chemical bond in Si crystalline material amorphised by Ar implantation, Total-IBA data and ab 
initio studies 

M A Reis1,2, G Fonseca1,2, P C Chaves1,2, R Bernardino3, R W Smith4, and C Jeynes4 

1C2TN, Centro de Ciências e Tecnologias Nucleares, Instituto Superior Técnico, Universidade de Lisboa, Portugal, 2Ad 
Fisicateca, Portugal, 3LSRE-LCM/ESTM, Politécnico de Leiria, Portugal, 4University of Surrey Ion Beam Centre, England 

A recent Total-IBA analysis of a standard reference sample of an Ar-amorphised a-Si implanted with As, named as 
“SPIRIT21” sample, previously characterized in detail by Colaux et al [1], revealed an Ar K-alpha to K-beta intensity 
ratio 3 times larger than theoretically expected, based on careful “hand made” spectral analysis carried out using 
a standard spreadsheet. The absence of experimental problems was assured by measurements made in a different 
sample irradiated in the same irradiation and detection conditions, which showed no divergence from theoretically 
predicted values. A possible interpretation is the presence of Ar-Si bonds due to the substitution of a Si atom by an 
Ar atom in the crystalline structure (see Fig. 1), leading to the promotion of four 3p electrons from Ar, to hybrid sigma 
type orbitals. An attempt to confirm the results using a scanned focused microbeam instead of a macrobeam 
provided K-alpha to K-beta intensity ratios identical to theoretical expectations. In this work we present Total-
IBA[2] data handled using the recently developed AdF-ASSET [3] interface and the DT2 and NDF codes operated 
from it, and discuss the results obtained taking into account ab initio calculations made on the stability of 
potential Ar-Si chemical bond resulting from a sigma-like hybridization of Ar and Si p orbitals. 

 

https://github.com/JYU-IBA/jabs
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Fig.1: Diamond structure of Si crystal having one Si atom replaced by an Ar atom (in cyan). The 
lattice constant of the Si crystal is 543 pm, and the Si and Ar atoms have the essentially the same 
atomic radius. 
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Deep Convolutional Neural Networks applied to nuclear microprobe data  

João Geraldes Salgueiro1, Luís C Alves2, Rui C da Silva3, João Cruz4, and Victoria Corregidor2 
1Computer Science and Engineering, IST, University of Lisbon, Portugal, 2C2TN, Nuclear and Technological Campus, 
IST, University of Lisbon, Portugal, 3IPFN, IST, University of Lisbon, Portugal, 4LIBPhys‑ UNL, Faculdade de Ciências e 
Tecnologia, UNL, Portugal 

Typically, data from each area scanned by a nuclear microprobe is acquired as a 256 x 256 x n pixel matrix, each pixel 
containing n of the IBA spectra recorded during the experiment. Although the average spectra of the map (the sum of 
all spectra of each IBA technique) may show good counting statistics, when each pixel is considered individually, the 
corresponding single spectra usually have rather poor counting statistics. Furthermore, try to individually fit all the 256 
x 256 spectra recorded during a single run is an unacceptable time-consuming task.  

To overcome these concerns, we propose the use of deep convolutional neural networks [1-3], which once trained, can 
handle the analysis of large data sets instantaneously. 

Efforts will be first concentrated on a particular case: an agglomerate copper rich embedded on a pure gold coin (fig. 
1). In this sense, a set of proper training RBS spectra was created and used to train the neural network. Then, real RBS 
spectra from the map will be analysed. Representation of the outputs will allow visualizing the concentration and 
compositional depth profile.  

This work will be useful for a future automated data analysis or automatic detection and characterization of non-
homogeneous sample regions during the data acquisition, also providing accurate and on-line results.  
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Fig 1. Photograph of a gold coin mint in 2003 with a defect. 2D elemental maps (Cu and Zn) from PIXE spectra, a 2 MeV proton 
beam. 
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Micropatterning of polytetrafluoroethylene (ptfe) by proton beam writing 

Deiverti de Vila Bauer1, Marcelo Knebel1, Rafaela Debastiani2, Cláudia Telles de Souza1, Livio Amaral1, and Johnny 
Ferraz Dias1 
1Ion Implantation Laboratory, Institute of Physics, Universidade Federal do Rio Grande do Sul, Brazil, 2Institute of 
Nanotechnology, Karlsruhe Institute of Technology, Germany 

Proton beam writing (PBW) process plays an important role in micropatterning manufacture, as this technique 
combined with etching processes allows producing structures with a high aspect ratio. The production of 
microstructures consists in the irradiation of materials with a focused ion beam, which weakens and damages 
their chemical structure at those places irradiated by the beam. Finally, the irradiated material can be developed 
using chemical or physical processes. 

In the present work, PTFE (Polytetrafluoroethylene) polymer with the thickness of 25 µm and 2 mm were used for the 
micropatterning through PBW. For the fabrication of these microstructures, a 2.2 MeV proton beam with fluence of 

1x1015 H+.cm-1and spot size of 3.5 x 3.5 m2 was employed. Right after the irradiation process, the PTFE foils 
were immersed for 5 minutes either in 6M sodium hydroxide solution (NaOH Merck 99% P.A) or in distilled water. Both 
solutions were at constant temperature of 60 ºC while were submitted to ultrasonic vibrator (40 kHz). The 
microstructures obtained were characterized by scanning electron microscopy (SEM). 

The results show that the patterning of polymer with proton beam leads to relatively well-defined microstructures. The 
use of distilled water with ultrasonic waves produced positive results concerning the of PTFE. The use of distilled water 
with ultrasonic waves produced well-defined alternative regarding the micropatterning of PTFE. 

[1]  J. A. Van Kan, P. Malar, and Y. H. Wang, Appl. Surf. Sci. 310, 100 (2014). 
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Res. Sect. B Beam Interact. with Mater. Atoms 306, 288 (2013). 
[4]  H. Nishikawa and T. Hozumi, J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. 31, 06F403 (2013). 
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Measurement of X-ray production cross sections for Fe-K, Nb-L, Ru-L, Ce-L and Ta-M lines induced by lower-energy (83 
keV/amu) C-ion beam 

U Tippawan1, C Chaiwai1,2, and L D Yu1 
1Faculty of Science, Chiang Mai University, Thailand, 2Vidyasirimedhi Institute of Science and Technology, Thailand 

X-ray production cross sections induced by ions heavier than protons are fundamental for applications of MeV heavy-ion 
particle induced X-ray emission (PIXE) analysis. While the cross sections of heavy ion beams at energy of several MeV 
and above, or > several 100 keV/amu, have been extensively measured and reported, experimental data, especially of 
those minor lines from uncommon materials, for heavy ion beams at lower energy, < 100 keV/amu, are in lack. In this 
study, we used 1-MeV (83 keV/amu) C-ion PIXE to measure the X-ray production cross sections of Fe K-line, Nb, Ru and 
Ce L-lines, and Ta M-line from thin films of the materials. The literature-reported experimentally measured Fe Kα cross 
section for standard 2-MeV proton beam was used as a reference. For the measurement, the detector efficiency was first 
experimentally determined using a standard multi-element sample. The measured cross sections were found in good 
agreement with those PWBA- or ECPSSR-theoretically calculated by program ISICS11.  

Keywords: X-ray production cross section, Particle induced X-ray emission (PIXE), C-ion beam, proton beam, detector 
efficiency, ISICS 

Investigating the Cisplatin Molecule Using Ion Beam Analysis Techniques 

Henrique Fonteles1, P L Grande1, J F Dias1, Paola Chytry1, Guilherme Soares1, Karine Begninini2, and Guido Lenz2 
1Ion Implantation Laboratory, UFRGS, Brazil, 2Cellular Sinalization Laboratory, UFRGS, Brazil 

The study of chemotherapy drug’s properties plays a major role in the de- velopment of new cancer-related treatments 
and in the improvement of the ones that currently exist. Cisplatin (Pt(NH3)2Cl2) and other platinum-based drugs are 
widely used medications that treat several different cancers, including, but not limited to, ovarian, testicular, neck, etc 
[1]. The mechanism of action of these drugs lies in the fact that when these molecules are internalized by the cell 
(generally via passive transport, but some protein-specific channels can also contribute to the drug uptake [2]) they 
undergo a particular hydrolysis reaction named aquation with the cytoplasm water molecules, resulting in the replace- 
ment of one chlorine atom by one water molecule, leading to a new ionic species [PtCl(NH3)2H2O]+. The products of 
the aquation then react with the DNA causing a phenomenon which is known as crosslinking, which damages the DNA 
and interferes in the replication process, leading to possible cell death. 

In this work, we used ion beam analysis techniques to study the cisplatin molecule and its reaction with water. Owing 
to the fact that this molecule has a heavy element in its composition such as platinum (which is not the case with the 
majority of chemotherapy drugs), we used PIXE with 2 MeV protons to quantify the platinum concentration in a sample 
containing cisplatin. Moreover, by identifying the peaks in the mass spectrum provided by the MeV- SIMS technique 
with 6 MeV Cu4+ ions, we were able to determine the main ionic species formed when the cisplatin molecules 
underwent the aquation reaction, which are [PtCl(NH3)2H2O]+ and [PtOH(NH3)2H2O]+. Both experiments were 
conducted at the Ion Implantation Laboratory with a 3MV Tandem accelerator. In further investigations, we expect to 
start measuring cell samples treated with cisplatin and use the same protocol of measurement developed in this work 
to determine the platinum concentration inside the cells with PIXE and therefore conclude about the cellular uptake of 
the drug and possible outcomes. It will also be possible to investigate the kinetics of the aquation reaction by 
measuring over time the sample with MeV-SIMS and hence acquire the reaction rate constants. 

Keywords— Ion Beam Analysys, Cisplatin, PIXE, MeV-SIMS 
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Electron irradiation effects on the formation and decomposition of au and ag structures 

Bárbara Konrad1, Mariana M Timm2, Zacarias E Fabrim1, Erwan Oliviero2, Pedro L Grande3, and Paulo F P Fichtner1,3,4 
1Instituto de Física, Universidade Federal do Rio Grande do Sul, Brazil, 2MEA Platform, Université de Montpellier, 
France, 3Instituto de Física, UFRGS, Brazil, 4Escola de Engenharia, UFRGS, Brazil 

Electron irradiation can be used as a tool to form, modify or characterize the structural stability of nanoscopic objects 
by promoting single atom displacements produced by binary elastic electron collisions. In previous studies [1-3], we 
have considered the formation or the modification of Au or Ag nano-objects (nanoparticles (NPs) or thin films). In the 
present contribution, we expand these previous investigations by evaluating the electron irradiation effects on the 
formation of metallic NPs embedded in 100 nm thick silicon nitride self-standing membranes co-implanted with Au+ 
and Ag+ ions. The implantation energies (80 keV for Au and 70 keV for Ag ions, equal fluences of 8x1015 ions cm-2) 
were calculated to produce approximately coincident depth profiles with a mean projected range of about 25 nm. The 
implantations were also performed in control samples of 100 nm thick silicon nitride films deposited 

onto a silicon substrate, allowing for Rutherford Backscattering Spectrometry (RBS - 1.2 MeV He+ ion beam) 
characterizations (Fig. 1a). The ion-implanted self-standing membranes were exposed to 200 keV electron irradiations 
in a transmission electron microscope and characterized via bright-field conventional imaging and energy-dispersive-
spectroscopy (EDS) measurements. The electron irradiation energy and flux are adjusted to promote electron impacts 
uncorrelated in time or space concerning a second electron impact on the same sample region. The combination of 
sample thickness, heat conductivity, and beam parameters are also adjusted to avoid significant sample heating. 
Figure 1b demonstrates that the electron beam causes the formation of Au NPs (reproducing the results discussed in 
Ref. [1]). At the same time, the sample becomes devoid of the initially implanted Ag content (copying the results 
discussed in Ref. [2]). 

In Refs. [1-3], we argue that, under specific irradiation conditions, the electrons produce atomic displacements without 
affecting the chemical potentials in the sample. Consequently, the atomic displacements follow the same 
thermodynamic driving forces produced by the microstructure configuration. This situation reproduces the 
microstructure evolutions commonly observed in thermally induced processes at higher temperatures. Our results 
indicate that miscible elements in bulk specimens (Ag and Au) may become immiscible in nanosized objects. The 
segregation of Ag atoms to the NPs surface leads to their removal by the electron beam. 

 

 

 

 

 

      

 

 

 

 

 

 

 



                       

                                 

109 
 

IBA&PIXE-SIMS 2021 
11-15 October 2021 

Fig. 1. (a) RBS spectrum of the sample co-implanted with Au+  and Ag+  ions; (b) STEM-EDS of the irradiated area. 

 
[1]  TIMM, M. M. et al. Electron irradiation effects on the nucleation and growth of Au nanoparticles in silicon 

nitride membranes. J. Appl. Phys., v. 122, n. 16, p. 165301, 2017. 
[2]  KONRAD, B. et al. Electron irradiation effects on Ag nanoparticles. J. Mater. Sci., v. 56, n. 13, p. 8202-

8208, 2021. [3] DE OLIVEIRA, F. et al. Electron irradiation effects in Au thin films. J. Mater. Sci., v. 32, n. 
10, p. 13291-13304, 2021. 

Depth Profiling of Ion Irradiation-Induced Grain growth and Texture in nanocrystalline Nickel by X-ray Diffraction 

Julie S1,2, C David1, and M Kamruddin2 
1Materials Science Group, Indira Gandhi Centre for Atomic Research, India, 2Homi Bhabha National Institute, 
India 

Nanocrystalline materials with grain size less than 100 nm have gained considerable attention in engineering and 
nuclear applications. Large volume fractions of grain boundaries in nanocrystalline materials increase sink 
strength for point defect fluxes and promote superior radiation resistance compared to coarse-grained 
counterparts. However, high temperature and high flux radiation environments existing in nuclear reactors cause 
grain growth leading to decreased sink strengths. Inhomogeneous damage profiles caused by ion irradiation 
result in non-uniform grain growth as a function of depth. The damage is most often characterized by cross-
sectional TEM observation. The effectiveness of a simple X-ray techniques employing GIXRD to study damage 
profiles in ion irradiated materials has been reported [1]. However, studies concerning ion induced damage in 
nanocrystalline metals using X-ray diffraction is scarce. The present study employs GIXRD to evaluate irradiation-
induced grain growth, microstrain and texture in ion irradiated nanocrystalline Ni.    

Nanocrystalline Ni sample with an average grain size of 20 nm measured by TEM was synthesized using pulsed 
electrodeposition. The samples were subjected to irradiations using 1.4 MeV Ni+ ion irradiations at room 
temperature to damage levels of 0.2 dpa, 2 dpa, 4 dpa, and 18 dpa. Glancing incidence X-ray diffraction (GIXRD) 
measurements were carried out on irradiated samples with a glancing angle varying from 0.5° to 4.05° to cover 
the entire range of implanted ions. The prominent (111) and (200) peaks were selected for estimating grain size 
and microstrain. Irradiation-induced grain growth in all irradiated samples has been followed by the grain growth 
factor, which is the grain size ratio relative to pristine (Figure). An increase in grain size relative to pristine can be 
observed for all damage levels. And for all doses the grain growth facor increases with depth and it is found to 
follow the damage profile. A decrease in grain growth factor with increase in dose from 0.2 dpa and 4 dpa sample 
is observed. This may be due to the accumulation of dects within the growing grains leading to the formation of 
subgrain boundaries. However, further increase in dose up to 18 dpa causes an increase in grain growth factor. 
Samples irradiated to highest dose (18 dpa) shows the largest grain size which is in agreement with TEM results. 
As regards texture, the pristine sample has <111> texture and it gradually decreases with an increase in damage 
levels. A drastic increase in <200> texture is observed for 18 dpa. The irradiation-induced texture changes is 
found to correlate with increase in microstrain. The increase in grain size and texture change in NC-Ni is explained 
in the light of thermal spike mechanism and ion channelling effects respectively. 
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Fig.1: Depth profiles of grain growth factor for NC-Ni 
irradiated with 1.4 MeV Ni+ ions to varying damage 
levels. It can be observed that significant grain growth 
occurs up to a depth of ~ 600 nm, beyond which it 
decreases. This corresponds with predicted depths 
(600 nm) up to which displacement damage occurs as 
evaluated by TRIM software. 

 

[1]  A.J.London, B.K.Panigrahi, C.C.Tang,C.Murray,C.R.M.Grovenor, Scr. Mater.110 (2016).  

High-Confidence Single Atomic and Molecular Ion Implantation for Scalable Donor Arraysin Silicon  

A M Jakob1,3, S Robson1,3, H Firgau2,3, V Schmitt2,3, V Mourik2,3, M Posselt4, D Spemann5, A Morello2,3, and D N 
Jamieson1,3  
1University of Melbourne, Australia, 2Electrical Engineering and Telecommunications, UNSW,  Australia, 3ARC 
Centre of Excellence for Quantum Comp. and Comm. Technology (CQC²T), Australia, 4Helmholtz-Zentrum Dresden-
Rossendorf (HZDR), Germany, 5Leibniz Institute of Surface Engineering (IOM), Germany  

The success in controlling single implanted P-donor spins (“qubits”) in 28Si [1,2] represents a milestone for the 
realisation of donor-based silicon quantumcomputing. Motivated by these results, novel quantum control 
schemes such as the scalable flip-flop qubit layout were recently proposed [3]. A robust long-range qubit 
entanglement over distances up to several hundreds of nanometers loosens the strict constraints on the donor-
qubit placement precision. This in turn makes ion implantation – a standard doping tool in semiconductor 
industry – a viable approach for engineered donor architectures in silicon [4]. We have demonstrated advanced 
single ion detector technology for near-surface implantation of single P ions with high detection confidence of 
>99.8%. We have now extended this result to heavy nuclei Sb and Bi as well as molecular PFx ions. In each case 
we achieved a single ion doping confidence at the physical limit imposed by the ion-solid interaction 
mechanisms. We use an enhanced model, based on Crystal TRIM simulations to analyse the ion trajectories 
recorded by our charge sensitive electronics to provide insights into the ion stopping characteristics. Considering 
theoretical [5] and experimental predictions [6], differences to continuous beams were found.  
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Hydrogen Concentration and mechanical dissipation upon Annealing in Zirconia-doped Tantala Thin Films for 
gravitational wave observatory mirrors 

A W Lussier1, É Lalande1, M Chicoine1, C Lévesque1, S Roorda1, B Baloukas2, L Martinu2, G Vajente3, A Ananyeva3, 
and F Schiettekatte1 

1Université de Montréal, Canada, 2Polytechnique Montréal, Canada, 3LIGO Laboratory, California Institute of 
Technology, USA 

Sensitivity in instruments such as the Laser Interferometer Gravitational-waves Observatory (LIGO) is limited by a 
noise originating from internal mechanical dissipation (IMD) in the amorphous thin films of their Bragg reflectors. 
The IMD is characterized by a loss angle (inverse of Q factor). This loss angle is particularly high in the high refractive 
index material, which currently consists of Ti-doped tantala (Ta2O5).  

In this project, we investigate the link between the loss angle and the hydrogen concentration in thin films made of 
Zr-doped tantala (12.5% Zr, 16.5% Ta) after annealing at different temperatures. The film was deposited by 
magnetron sputtering and the loss angle measured by gentle nodal suspension [1]. Three pieces, taken from a 
witness sample present during deposition, were annealed at 400°C, 500°C and 650°C for 15 h, respectively. A 
fourth, as-deposited sample, was kept as reference. The main sample was deposited at the same time and was 
annealed multiple times for 10h at subsequent temperatures of 400°C, 500°C , 600°C, 650°C and its loss angle 
was measured after each annealing. The concentration of heavier elements was obtained by Rutherford 
backscattering spectrometry (RBS) at 4.1MeV. The hydrogen concentration of the as-deposited and annealed 
samples were then obtained by elastic recoil detection (ERD) with a 4.1MeV 4He beam, and with a 35 MeV 35Cl 
beam. The angle of incidence for the ERD measurements was 75° and the recoil angles were 50° in the case of 
the 4He beam, and 75° for the 35Cl beam. Respectively 8 and 5 layers of a 2.54 μm-thick mylar foil were used. We 
observe that the hydrogen atomic concentration gradually decreases from 2.0 ± 0.2% down to the detection limit 
at 0.2 ± 0.2% as we anneal to 650°C. We also observe that loss angle measurements on the main samples show 
a lowering of the loss angle in films annealed at higher temperatures [1].These measurements indicate that the 
loss angle measured after annealing in similar conditions is correlated with the hydrogen concentration. However, 
the physical link between these quantities is still not clear. The loss angle remains relatively high (4x10-4), even 
when most of the hydrogen is desorbed after annealing at 650°C. We can state that the presence of hydrogen is 
probably not the limiting factor in further reducing the IMD. 

[1] Abernathy et al., Exploration of co-sputtered Ta2O5-ZrO2 thin films for gravitational-wave detectors, Classical and 
Quantum Gravity, Accepted, https://arxiv.org/abs/2103.14140. 
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MicroPIXE analysis of U, Th and other metals in biological samples: comparison of irradiation damages with different 
beams 

E M de la Fournière1, and M E Debraya2 
1Gerencia Investigación y Aplicaciones, Comisión Nacional de Energía Atómica, Argentina, 2Escuela de Ciencia y 
Tecnología, Universidad Nacional de Gral. San Martín, Argentina 

The impact of uranium, thorium and metals in the natural environment represents nowadays a very important issue. 
Hence, improvements in detection and quantification techniques for these elements are very relevant. 

Micro-PIXE allows simultaneous mapping of main, minor and trace elements (Z > 11) of a sample, with micrometric 
precision. The irradiation with heavy ion micro-beams with tens of megaelectronvolts of energy shows significant 
improvement of the detection limits in comparison to proton beams when analyzing heavy elements due to the large 
cross-sections for the production of L-line x-rays1. 

In this work, possible irradiation damages in biological samples 2are studied using different heavy-ion beams 
(40-MeV 12C4+, 50-MeV 16O5+ and 75-MeV 32S8+). These beams were focused with the aid of the heavy ion 
microprobe of the TANDAR Laboratory onto a spot of about 3–5 µm in diameter, delimiting a scanned area of up to 1 
× 1 mm2. As a result, we found that for 40-MeV 12C4+ and for 50-MeV 16O5+, there is no evidence of loss of mass 
in the sample because X-ray production of Th, U and other metals (e.g. Hg, Zn, Cu and Fe) remained proportional to 
the accumulated charge in the Faraday cup. In contrast, a loss of mass was observed for 75-MeV 32S8+. 

Fig. 1: Hydrogen concentration analysis in 
Zr:Ta2O5 as a function of loss angle for a sample 
annealed at indicated temperatures. ERD 
measurements were carried out using 4.1MeV 
4He (orange crosses), and a 35 MeV 35Cl 
beams (blue circles). A large decrease in 
hydrogen concentration with annealing is 
observed. The as-deposited sample displays 
the highest hydrogen concentration at 2.0 ± 
0.2% which then gradually decreases to 0.2 ± 
0.2% at 650°C. Meanwhile, the loss angle 
decreases by about half.  

As-deposited 

650°C 

500°C 
400°C 
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[1]  O. Schmelmer, G. Dollinger, G. Datzmann, A. Hauptner, H.J. Korner, P. Maier- Komor, P. Reichart, NIM 
B 179 (2001) 469–479. 

[2]  E.M. de la Fournière, N.A. Vega, N.A. Muller, M.E. Debray, NIM B 477 (2020) 87– 90. 

The determination of sildenafil in male enhancement pills through ion beam analysis 

Guilherme Mauricio Soares de Souza, Paola Chytry, Marcelo Knebel, Livio Amaral, and Johnny Ferraz Dias 

Ion Implantation Laboratory, Institute of Physics, Universidade Federal do Rio Grande do Sul, Brazil 

In recent years, the demand for male enhancement pills to treat erectile dysfunction has remarkably grown. The drug 
regulation includes severe restrictions that have to do with selling them, which has been responsible for counterfeit 
manufacturing and illicit trade of this type of medicine. Thus, many materials analysis techniques have been used in 
order to detect pharmaceutical frauds [1]. In this research we used both ion beam analytical techniques PIXE 
(Particle- Induced X-ray Emission) and MeV-SIMS (Secondary Ion Mass Spectrometry using MeV Heavy Ions) to 
determine the presence, the element concentrations, and the molecular mass of sildenafil (the active compound) in 
Viagra® [2] (trade name) pills bought in drug stores and in Pramil (trade name) pills sold illegally and seized by the 
Brazilian police. 

For PIXE, the samples consisted of pills of both medications, just having the drug coating film removed. Each 
measure took 30 seconds, using 2MeV proton beam and 1nA current, in a reaction chamber (kept at a pressure of 
10-6 mbar) equipped with a lithium-doped silicon detector. The PIXE spectra were fitted using the software 
GUPIXWIN[3]. For the MeV-SIMS, the samples were dissolved in ethyl alcohol and the solution was deposited in a 
silicon wafer. The measurements were made using a 6MeV Cu4+ beam, with 300s of duration. The analysis involved 
the identification of the fingerprint picks of sildenafil in comparison to the data of other mass spectrometry of these 
drugs. 

The main results show that the average concentration of sildenafil in Viagra® was 47.87mg. This amount is in 
conformity with the 50mg informed by the manufacturer. In relation to Pramil, the average concentration was 
49.35mg, also in accordance with the 50mg presented in the label. It suggests that the methodology applied here is 
appropriate to detect counterfeits involving this group of drugs. 

[1]  Romolo, F. S.; Sarilar, M.; Antoine, J.; Mestria, S.; Strano, S. R. ; Gallidabino, M. D.; Souza, G. M. S.; CHYTRY, 
 P.; DIAS, J. F. Ion beam analysis (IBA) and instrumental neutron activation analysis (INAA) for forensic 
characterisation of authentic Viagra® and of sildenafil-based illegal products. TALANTA, Amsterdam, v. 224, 
n. 1 mar 2021. 

[2]  Ghofrani, H. A.; Osterloh, I. H.; Grimminger, F. Sildenafil: from angina to erectile dysfunction to pulmonary 
hypertension and beyond. Nature Review Drug discovery, n. 5(8) p. 689-702, aug 2006. 

[3]   Campbell, J. L; Hopman, T. L. ; Maxwell, J. A. The Guelph PIXE software package III: Alternative proton 
database. Nuclear Instruments and Methods in Physics Research B, Netherlands v. 170, p. 193–204, 20 
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Formation of crystalline Si1-xGex top layers by ion implantation in crystalline silicon 

M Chicoine1, A Nélis2, F Schiettekatte1, and G Terwagne2 

1Département de Physique, Université de Montréal, Canada, 2Département de Physique, Université de Namur, 
Belgium 

Silicon and germanium nanocrystals incorporated in a dielectric film offer new possibilities for optoelectronic devices 
such as photovoltaic (PV) cells, where it could be used to exceed the Shockley-Queisser theoretical conversion limit 
[1]. However, the charges generated in the dielectric film are hard to collect. For this reason, it would be better if the 
charges were generated in a semiconductor matrix such as silicon, which has better conductivity. 

Implanted Ge atoms have poor mobility in a silicon matrix and thus Ge nanocrystals formation is not likely. However, 
even if the formation of Ge nanocrystals seems difficult, it would still be interesting to form crystalline Si1-xGex alloys. 
Those alloys could also improve the solar cells efficiency as the germanium concentration can be used to tune the 
energy gap. Fully relaxed Si1-xGex top layers are also commonly implemented as “virtual substrates” for the growth of 
strained silicon layers for electronic devices. 

In this work, 36 keV Ge ions were implanted in crystalline Si substrates, with fluences ranging from 5 × 1015 to 1.5 × 
1017 Ge/cm² at temperatures up to 600 °C. Rutherford Backscattering Spectrometry (RBS), Raman Spectroscopy, 
and Transmission Electron Microscopy (TEM) were used to investigate the microstructure of the Si1-xGex alloys. 

Figure 1 shows RBS spectra in channeling mode (RBS-c) for a sample implanted at room temperature (RT) after 30 
minutes annealing at 800 °C under N2 atmosphere. It shows that germanium is mostly incorporated in the crystal 
network in substitutional sites. XRD, Raman spectroscopy, and TEM confirm that the Si1-xGex layer on top of the c-Si 
substrate is monocrystalline. TEM also indicates the possible presence of nanostructures, extended defects or both. 

Implantation was also carried out at temperatures up to 600 °C, with the objective of preserving the crystallinity and 
promoting Ge diffusion into nanoclusters. RBS shows that the Ge profile is more extended in depth for the sample 
implanted at 600 °C, compared to a room temperature implantation. As the energy of the ions is the same in both 
samples, this indicates that Ge is able to diffuse in depth during the implantation at 600°C compared to 
implantation at ambient temperature. However, RBS-c shows that the minimal yield is higher for the implantation at 
600 °C, indicating a high concentration of interstitials or that crystallinity is deteriorated, as confirmed by TEM. 

[1] Badawy, W.A., Si-single crystals to porous materials and quantum dots, J. Adv. Res., Vol. 6, 2. 

   

 

 

 

 

 

 

 

 

Fig. 1: RBS-c in <100> orientation of an annealed 
sample (800 °C for 30 minutes) implanted with 8 × 
1016 Ge/cm² at RT. The insert represents angular 
scans for regions of interest in the Si substrate 
(behind the Si1-xGex layer) and covering the Ge peak 
(i.e. inside the Si1-xGex film). 
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Identification and determination of the relationship between elemental compounds of hair and fingernail by PIXE 
technique in Hamedan urban community  

Ebrahim Gholami Hatam 

Science Faculty, University of Malayer, Iran 

The measurement of trace elements in nails or hairs has advantages relative to other body tissues [1] and they has 
been increasingly used in forensic and clinical toxicology as a complementary test [2]. Simultaneous hair and nail 
analysis can indicate the amount of elements in the body for long periods of time. Therefore, they are used as 
biomarkers to diagnose diseases [3]. In this study, Hair and nail samples were collected from the city of Hamedan and 
the quantitative study of elemental concentration in hair and nail samples was measured using PIXE technique to 
identify the amount, difference, and relationship of the elements. In the hair samples of females, a significant difference 
was determined between the P with elements of Cr and Ni (p-value < 0.001) and a moderate difference with the 
element Co (p-value < 0.01). The average amount of Si, K, Cl, Al and Ca elements in the hair samples was decreased 
from normal to addicted people. Also, the quantitative p-value of element P between groups the normal people with 
addicts as well as the p-value of element Ca between groups of athletes with addicts was equal to p = 0.01. In the age 
range of 30-40 years there was a weak difference (p-value < 0.05) between the element P with Ni and Co. In female 
nail samples, there was a significant difference between the element P and the elements of Ca, Cr and Al. The existence 
of a significant difference between the Calcium and its ratio in hair and nail samples can be used as a biomarker in 
forensic medicine. 

[1]  D.E.B. Fleming, The measurement of trace elements in human nails and nail clippings using portable X‐ray 
   fluorescence: A review, X-Ray Spectrom., (2021). 
[2] R. Solimini, A. Minutillo, C. Kyriakou, S. Pichini, R. Pacifici, F.P. Busardo, Nails in Forensic Toxicology: An Update, 

Curr. Pharm. Des., 23 (2018). 
[3]  K. He, Trace elements in nails as biomarkers in clinical research, Eur J Clin Invest, 41 (2011) 98-102. 

Successive high-resolution (H2O)n-GCIB and C60-SIMS imaging integrates multi-omics in different cell types in breast 
cancer tissue 

Hua Tian 

Department of Chemistry, Pennsylvania State University, USA 

The temporo-spatial organization of different cells in the tumor microenvironment (TME) is the key to understanding 
their complex communication networks and the immune landscape that exists within compromised tissues. Multi-omics 
profiling of single interacting cells in the native TME is critical for providing further information regarding the 
reprograming mechanisms leading to immunosuppression and tumor progression. This requires new technologies for 
biomolecular profiling of phenotypically heterogeneous cells on the same tissue sample. Here, a new workflow is 
developed for comprehensive lipidomic and metabolomic profiling of individual cells on frozen-hydrated tissue sections 
using water gas cluster ion beam secondary ion mass spectrometry ((H2O)n-GCIB-SIMS) (at 1.6 μm beam spot size), 
followed by imaging of cell type specific lanthanide antibodies on the same tissue section using C60-SIMS (at 1.1 µm 
beam spot size). This multimodal imaging revealed the distinct variations of distribution and intensities of >150 key 
ions (e.g., lipids and important metabolites) in different types of the TME individual cells, such as actively proliferating 
tumor cells as well as infiltrating immune cells. The demonstrated feasibility of SIMS imaging to integrate the multi-
omics profiling in the same tissue section at the single cell level will lead to new insights into the role of lipid 
reprogramming and metabolic response in normal regulation or pathogenic discoordination of cell-cell interactions in 
a variety of tissue microenvironments. 
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Carboxylic acid self-assembled monolayers on MgO – the role of hydroxyl termination  

Evangelia Anastasiou1, Swathi Naidu Vakamulla Raghu2, Aydan Yadigarli2, Shiva Mohajernia2, and Manuela S 
Killian1,2 
1Surface Science and Corrosion, FAU Erlangen, Germany;, 2Chemistry and Structure of novel Materials, University of 
Siegen, Germany  

Metal-oxide surfaces favorably interact with polar solvents owing to the presence of surface hydroxyl groups. In 
certain conditions, the extent of free (-OH) groups on the surface can guide reaction kinetics. Such effects can 
facilitate specific interactions during the formation of self-assembled monolayers. Herein, we functionalize MgO with 
molecules comprising carboxylic acid functional groups and evaluate the dependence on the degree of hydroxyl 
termination of the MgO substrate. A freshly evaporated MgO surface was exposed to water vapor to initiate 
conversion to Mg(OH)2 and, consequently, to adjust the amount of available hydroxyl groups on the surface. 
Adsorption of linear carbohydrate molecules and sterically more demanding porphyrins with carboxylic acid 
functional groups was compared by surface analysis, with a focus on time-of-flight secondary ion mass spectrometry 
(ToF-SIMS). The amount of adsorbing molecules was found to strongly correlate with the available hydroxyl groups on 
the MgO surface, indicating that chemisorption preferentially occurs via condensation reactions. The work highlights 
the relevance of working surfaces influenced by real-time ambient water adsorption and the influence it has on 
subsequent surface modifications. The results serve as a foundation to develop device fabrication strategies on non-
ideal surfaces such as Mg-based stents.  

 

[1] E. Anastasiou, S.N.V. Raghu, A. Yadigarli, S. Mohajernia, M.S. Killian, “Carboxylic acid selfassembled  
  monolayers on MgO – the role of hydroxyl termination”, submitted to Surface Sci.  
[2] M.S. Killian, S. Seiler, V. Wagener, R. Hahn, C. Ebensperger, B. Meyer, P. Schmuki, “Interface Chemistry and 

 Molecular Bonding of Functional Ethoxysilane-Based Self-Assembled Monolayers on Magnesium Surfaces”, 
ACS Appl. Mater. Interfaces, 7 (2015) 9006–9014. https://doi.org/10.1021/AM5075634.  

[3] M.C.O. Monteiro, P. Schmuki, M.S. Killian, “Tuning Anatase Surface Reactivity toward Carboxylic Acid Anchor 
Groups”, Langmuir, 33 (2017). https://doi.org/10.1021/acs.langmuir.7b03044.  
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Low energy, high energy and sequential ion irradiation effects on 3C-SiC – Ion channeling study 

N Sreelakshmi1, S Amirthapandian1, G R  Umapathy2, S Ojha2, and C David1 
1 Materials Science Group, Indira Gandhi Centre for Atomic Research, India, 2 Inter University Accelerator Centre, India 

Silicon carbide (SiC) is a wide band gap material and it has potential applications for device and structural material 
in nuclear reactor and space applications. In these applications, various defects are induced in SiC due to its 
exposure to various ionizing and non-ionizing radiations. However high energy ion irradiation can induce defect 
recovery in SiC due to substantial electronic energy deposition [1]. Suppression of damage by electronic energy loss 
has opened up a new approach to anneal defects at room temperature itself. In the present study, we have explored 
the damage accumulation by 200 keV Si+ ion irradiation and followed by, recovery of damage associated with 14 
MeV Si+ ion irradiation where the electronic stopping power (Se ) is 4.93 keV/nm in 3C-SiC,  by using Rutherford 
backscattering spectrometry- ion channeling (RBS/C) technique. 

Epitaxial films of 3C-SiC/Si (111) were irradiated with 200 keV Si+ ion with various ion doses. These samples were 
subsequently irradiated with 14 MeV Si+ ions to study recovery of damage. The radiation-induced damage 
accumulation after each ion irradiation stage has been studied using RBS/C measurements. Figure 1 show the 
typical RBS/C spectra of 200 keV Si+ ion irradiated sample (dose 0.2dpa) upon 14 MeV Si+ ion irradiation (ion 
fluence:1×1014 ions/cm2) and one can see the reduction in backscattering yield at the peak damage region. It 
signifies the recovery of damage and it is due to ionization induced annealing caused by inelastic thermal spike. The 
damage profile analysis was carried out by using DICADA [2] software to understand the recovery behaviour in 3C-
SiC. 

 

Fig. 1.  RBS/C spectra of 200keV Si+ ion irradiated sample(dose 0.2dpa) upon 14 MeV Si+ ion irradiation (ion 
fluence:1×1014 ions/cm2) in aligned direction. 

[1]   Y. Zhang, R. Sachan, O. H. Pakarinen, M F. Chisholm, P. Liu, H. Xue and W. J. Weber, Nature 
Communications 6 (2015) 8049-8055. 

[2]   Gartner, K. Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms 132 (1997) 147-158.  
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Ion beam induced luminescence (IBIL) analysis of europium-activated phosphate glass micro-beads scintillator at 
clinical carbon beam therapy field 

Shun Akiyama1, Runa Nakajima1, Aika Sasaki1, Shigeki Kimura1, Kazuya Iiduka1, Yuki Akagami1, Makoto Sakai2, 
Osamu Hanaizumi1, and Wataru Kada1  

1Faculty of Science and Technology, Gunma University, Japan, 2Gunma University Heavy Ion Medical Center, Gunma 
University, Japan 

Visualization of beam trajectories for particle cancer therapy is highly demanded of better quality control and 
assurance (QA/QC). Several scintillators and dosimeters are utilized for the convenient monitoring tool in the clinical 
field. Phosphate glass (PG) with a silver activator was also utilized for such beam monitoring. However, build-up 
effects prevent its usage in real-time monitoring of clinical beams [1]. On the other hand, we have successfully 
demonstrated that PG with a dopant of europium (Eu) exhibits excellent scintillation under X-ray exposure. It is also 
possible to form micrometer-sized PG glass beads from those glass substrates. Therefore, it might have the potential 
to realize real-time monitoring of clinical carbons with those PG-beads by analyzing ion beam induced luminescence 
(IBIL). In this research, we have developed a PG-beads device from aluminum metaphosphate (Al(PO3)3) and sodium 
metaphosphate (NaPO3) powders. Silver chloride (AgCl) and europium oxide (Eu2O3) powders were also added to 
form the fluorescent centers. After heating at 1000℃ for 2 hours, the glass was prepared by the rapid cooling 
method with carbon powders to create tiny beads. Selected glass beads head with a diameter of 500 µm was 
coupled with optical fiber, and ion beam induced luminescence is introduced into photomultiplier for photon 
counting under radiation. 

A pristine-carbon beam was irradiated to a PG beads sample at the clinical carbon therapy field at Gunma heavy ion 
cancer therapy Center (GHMC). IBIL was successfully visualized each bunch of 290 MeV/n from synchrotron under 
different beam intensity from 106 to 109 (clinical beam condition) counts/spill. A linear response was obtained for 
each beam intensity. IBIL measurement at each position of Bragg peak suggested that developed PG glass beads 
with Eu activator have successfully demonstrated real-time radiation monitoring of clinical carbon beams. 

Acknowledgments: This work was done under cooperation with the Gunma University Heavy Ion Medical Center 
(GHMC). This research was partially supported by JSPS Gant-in-aid for scientific research (JP21K12522). 

[1]  T. Kurobori, et al., Jpn. J. Appl. Phys., 57(2018) 106402. 

Measurement of X-ray production cross sections for lower-energy (0.7 – 3.5 MeV) proton induced Cu_K, Ag_L and 
Au_M X-rays from thick samples 

J Hussain1,2,3, I Ahmad1, S H Bhatti2, A Awais1, M Shoaib4, L D Yu3, and U Tippawan3 

1 National Centre for Physics, Shahdra Valley Road, Pakistan, 2Quaid-i-Azam University, Pakistan, 3Plasma and Beam 
Physics Research Facility, Department of Physics and Materials Science, Faculty of Science, Thailand, 4The Islamia 
University of Bahawalpur, Pakistan 

We conducted a series of fundamental research-based experimentations to measure the X-ray production cross 
sections of K-, L-, and M-shells from thick samples of Cu, Ag and Au, respectively, for proton beam in a lower energy 
range of 0.7 – 3.5 MeV utilizing particle induced X-ray emission (PIXE) analysis. The measurement theories and 
procedure for thick samples are described. The detector efficiency and system calibration were first measured from Fe-
55 and Am-241 X-ray sources and the standard material sample, respectivly. The X-ray yields as a function of the 
proton energy were measured and fitted for finding the derivatives which were used for the cross section measurement. 
The obtained results were compared with published data in literatures and predictions from the theoretical models of 
Plane Wave Born Approximation (PWBA) and the advanced ECPSSR. The measured results from Cu were in good 
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agreement with the theoretical predictions, especially in the lower energy regime, and most of the reported data, while 
for the higher energy regime the measured result only deviated by a few times but still in the same order of magnitude 
with the theoretical data. The Ag and Au results were in excellent agreement with published and theoratical values. The 
results along with discrepancies are discussed.  

Keywords: X-ray production cross section, particle induced X-ray emission (PIXE), proton, thick sample, Plane Wave 
Born Approximation (PWBA), ECPSSR 

Defect induced band tuning of MeV Ni ion implanted MgO(100) 

Sourav Bhakta and Pratap K Sahoo 

NISER, India 

Detect engineering is one of the key parameter in semiconductor research. Ion implantation is considered as an 
advantageous process for production and annihilation of defects in the materials. In this work, one MeV Ni ions was 
implanted into MgO (100) single crystal in the ion fluences range of 5x1014 ions/cm2 to 1x1016 ions/cm2 to tune 
the optical properties by inducing vacancies and substitutional defect states. The influence of defect states between 
conduction and valance band alter the bandgap of MgO. The presence of the F and V type color centers and 
substitutional defects in pristine and implanted samples were observed from the UV-Vis absorption and 
photoluminescence spectroscopy (Fig.1). The mechanism of electronic jump from F center to conduction band via F+ 
center and subsequently returning back of these freed electron to different defect centres is proposed and explained 
by the defect production model. The theoretical calculation of electronic band structure and density of states by 
density functional theory is performed to explain the formation of defects and their correlation in the modification of 
band gap. 

 

 

Fig. 1: (a) the UV-Vis sepctroscopy showing the F and V color centers and (b) The photoluminescence spectra 

[1]  L.A. Kappers, R.L. Kroes, E.B. Hensley, F+ and F centers in magnesium oxide, Physical Review B 1, 4151 
  (1970). 
[2]  M. Li, X. Wang, H. Li, H. Di, X. Wu, C. Fang, B. Yang, Preparation of photoluminescent single crystalline MgO 

nanobelts by dc arc plasma jet CVD, Applied surface science 274, 188 (2013). 
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Effects of Swift Heavy Ion irradiation on the structural and electrical properties of HfO2 thin-films deposited on GaAs 

K Vinod Kumar1, N Arun1, 2, A Mangababu1, Sunil Ojha3, A P Pathak1, S V S Nageswara Rao1, 2 
1School of Physics, University of Hyderabad, India, 2Centre for Advanced Studies in Electronics Science and 
Technology (CASEST), School of Physics, University of Hyderabad, India, 3Inter University Accelerator Centre, India 

We report on the effects of 120 MeV Ag ion irradiation on grain agglomeration, inter- diffusion/inter-mixing and 
crystallization of RF magnetron sputtered HfO2 thin films (~30 nm) deposited on GaAs. A systematic increase in the 
grain size, roughness of the film and ion induced diffusion have been observed in irradiated films as a function of 
irradiation fluence. Ion induced phase transformations of HfO2 from amorphous to monoclinic and tetragonal phases 
have been observed. In addition to the inter-diffusion, a systematic increase in the area under the RBS peak 
corresponding to HfO2 film has been observed in irradiated samples. This may be attributed to the possible increase 
in the density of HfO2 due to SHI induced crystallization and grain agglomeration at higher doses. The influence of 
Poole-Frenkel (PF) and Fowler-Nordheim (FN) tunneling processes has been investigated by examining the Leakage 
current-Voltage (I-V) characteristics as a function of irradiation fluence. The tunneling mechanisms revealed the 
existence of defects in the as-grown HfO2 film. Ion induced defect annealing has been observed at lower fluences 
which leads to decrease in the leakage current density, whereas ion induced defect creation, inter- diffusion/inter-
mixing and radiation damage have been observed at higher fluences which resulted in an increase in the leakage 
current density. 

 

Fig.1 (a) GIXRD patterns, (b) RBS spectra and (c) I-V characteristics of as-grown and SHI irradiated HfO2 thin films. 

Proton and argon ion beam induced luminescence of europium complexes in porous silica-based adsorbents 

Masaumi Nakahara1, Sou Watanabe1, Yosuke Yuri2, Takahiro Yuyama2, Tomohisa Ishizaka2, Yasuyuki Ishii2, Ryohei 
Yamagata2, Naoto Yamada3, Masashi Koka3, Wataru Kada4, Naoto Hagura5  
1Japan Atomic Energy Agency, Japan, 2National Institutes for Quantum and Radiological Science and Technology, 
Japan, 3Beam Operation Co., Ltd., Japan, 4Gunma University, Japan, 5Tokyo City University, Japan 

It has been proposed to recover minor actinides (MAs) such as Am and Cm for reduction in volume and potential 
radiotoxicity of high level wastes. An extraction chromatography technique has been studied for MAs recovery from 
high level liquid wastes in Japan. In the process, an extractant is impregnated into divinyl benzene co-polymer 
coating on porous silica particle (SiO2-P), and the particles are packed into a column. High level liquid waste is 
flowed through the column for MAs recovery. On the other hand, various extractants have been synthesized and their 
performances have been evaluated to separate MAs efficiently. The separation performances of adsorbents 
impregnating extractants have been systematically studied in batch-wise and column experiments. It is necessary to 
evaluate the structures of complexes for understanding the extraction mechanism in adsorbents in detail. In the 
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previous study, the structures of extractants in the adsorbents were investigated by X-ray absorption fine structure 
(XAFS) and ion beam induced luminescence (IBIL) analyses. Although a few studies for IBIL spectra of organic 
solvent were conducted, it is desirable to accumulate the IBIL data for some adsorbents. In this study, IBIL spectra of 
Eu complexes formed in various adsorbents were measured using different ion beams. The IBIL spectra were 
measured with 3 MeV proton in the light-ion micro beam line connected to 3-MV single-ended accelerator and 107 
MeV Ar8+ with the beam line for large-area uniform irradiation at the azimuthally varying field (AVF) cyclotron facility 
in Takasaki Ion Accelerators for Advanced Radiation Application (TIARA) in National Institutes for Quantum and 
Radiological Science and Technology (QST). In the experiments, the IBIL spectra of some adsorbents were examined, 
and it is confirmed that the IBIL spectra of adsorbents varied by the type of adsorbent. The correlation between the 
structures of complexes and the IBIL spectra will be discussed. 

Characterization of precipitation formed in simulated high level liquid waste 

Sou Watanabe1, Youko Takahatake1, Nobuo Okamura1, Masayuki Watanabe1, Koichi Mochiki2, and Naoto Hagura2 

1Japan Atomic Energy Agency, Japan, 2Tokyo City University, Japan 

Japan Atomic Energy Agency has been developing extraction chromatography technology for trivalent minor actinides 
recovery from spent nuclear fuel, and series of safety studies of the technology have shown that plugging of the 
packed column lead fire or explosion [1]. Fine particle contained in feed solution must be one of the most possible 
causes of the plugging. High level liquid wastes (HLLW), which is supplied to the packed column, contains many 
kinds of metallic ions in acidic solution and known to form precipitation. Those precipitation should be removed from 
HLLW before supplying into the column. One of the main component of the precipitation is considered to be 
zirconium molybdate. However, detail composition of the precipitation in the HLLW have not been precisely 
investigated so far, and it should be revealed for designing appropriate disposal procedure of the precipitation. In 
this study, precipitation was prepared from simulated HLLW, and characterization of the particle was carried out 
through Particle Induced X-ray Emission (PIXE) and Extended X-ray Absorption Fine Structure (EXAFS) analyses. 

Simulated HLLW was prepared by dissolving 27 metallic elements in 2 M HNO3 solution. Precipitation was obtained 
by filtration, and dried precipitation was supplied to the analyses. PIXE and EXAFS experiments were carried out at a 
tandem accelerator in Tokyo City University and BL27B beamline in PF of KEK, Japan, respectively. 

PIXE spectra of the precipitation have shown that not only Mo and Zr, but also rare earth elements (La, Ce, Nd, Gd), 
Fe, Ni, Pd, Sn and Te were contained in the precipitation. Quantitative analyses on those elements and EXAFS 
analyses on several X-ray absorption edges are currently underway to evaluate precise composition of the 
precipitation. The composition would be valuable information to decide composition of glass for vitrification of the 
precipitation. 

[1]  S. Watanabe, et al., EPJ Nuclear Schi. Technol. 1, 9, 1-8 (2015). 

The EXAFS measurements were carried out under the proposals of 2018G573 and 2020G558 of the PF, KEK. 
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Evaluation of remaining spent extraction solvent in vermiculite by PIXE analysis 

Yoichi Arai1, Sou Watanabe1, Kenta Hasegawa1, Nobuo Okamura1, Masayuki Watanabe1 Keisuke Takeda2, Hiroki 
Fukumoto2, Tomohiro Agou2, Naoto Hagura3 , and Takehiko Tsukahara4 
1Japan Atomic Energy Agency, Japan, 2Ibaraki University, Japan, 3Tokyo City University, Japan, 4Tokyo Institute of 
Technology, Japan 

The spent extraction solvent, which mainly consists of tributyl phosphate (TBP) and normal dodecane, is generated 
by solvent extraction of Plutonium and Uranium in the reprocessing i.e. PUREX process. The spent solvent 
should be appropriately treated for disposal or storage. However, liquid treatment systems are not installed in some 
nuclear facilities such as laboratories. 

One of the treatment options for storage of the spent solvent is adsorption of the liquid into vermiculite. The 
organic liquid is considered to be trapped between layers of the vermiculite. Our previous experiments on the 
adsorption of spent solvent into the vermiculite have shown that some parts of loaded solvent gradually leaked out 
from the vermiculite. 

In order to investigate the adsorption mechanism and capacity more precisely, elution behavior of loaded solvent 
into organic diluents such as hexane or acetone was evaluated. A part of the loaded solvent was easily leaked 
into the diluent, while some solvent remained inside the particle even after the leaching test. The different behavior 
might be attributed to different adsorption mechanism, and amount of the remaining solvent can be considered 
as adsorption capacity for safety storage of the solvent. 

In this study, the adsorption capacity of the vermiculite was evaluated through amount of remaining solvent after 
washing with diluents. The amount of the remaining solvent was analyzed by Particle Induced X-ray Emission 
(PIXE) on P contained in TBP. PIXE experiments were carried out at a tandem accelerator of Tokyo City 

University, and 2 MeV H+ beam was irradiated on vermiculite powders in vacuumed atmosphere. Peak intensity 
of P-Kα line depended on the washing condition, and the behavior qualitatively agreed with the results of the 
leaching test. Quantitative analysis on P reaming in the particle is currently underway. 

Effects of Swift Heavy Ion irradiation and interfacial layer on the performance of non- stoichiometric HfOx based 
RRAM devices 

N Arun1,2, A P Pathak2, M. Ghanashyam Krishna1,2, Mallikarjuna Rao Motapothula3, and S V S Nageswara Rao1,2 
1Centre for  Advanced Studies  in  Electronics  Science and  Technology  (CASEST), University of Hyderabad, India, 
2School of Physics, University of Hyderabad, India, 3Department of Physics, SRM University, India 

The non-stoichiometric HfOx thin films based cross-bar with 10 μm × 10 μm of RRAM devices have been presented 
for the resistive switching. Three different metals such as Au, Cr and Al are used for the top electrode contacts to 
elucidate the interfacial effects and top electrode variation on the switching properties of these devices. Further, 
Au/HfOx/Au devices were used to study the effects of ion irradiation on the switching properties of these devices. The 
120 MeV Ag7+ ions with fluence values ranging from 5 × 1010 to 5 × 1012 ions/cm2 were employed for the ion 
irradiation. It is observed that up to a fluence of 5 × 1011 ions/cm2, the annealing effects on the RRAM devices are 
significant. 

Keywords: RRAM, Resistive switching, SHI, Endurance, Resistance ratio, Interfacial layer. 
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MeV-proton capillary-microbeam PIXE mapping study of solution diffusion in paper 

S Wongke, L D Yu, and U Tippawan 

Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand 

A tapered glass capillary MeV-ion microbeam setup, previously home-developed, is recently upgraded. To check the 
upgraded microbeam system quality and accuracy, microbeam particle induced X-ray emission (PIXE) mapping of 
potassium permanganate (KMnO4) solution diffusion in filter paper was carried out to study how the measured solvent 
diffusion follows the diffusion laws. Two initial/boundary conditions and diffusion situations were applied: (1) the paper 
vertically placed in air with one end soaked in the solution for ten minutes, and (2) the paper horizontally placed on 
water with the solution dropped at a side of the paper for three minutes. 2-MeV-proton microbeam PIXE analyzed the 
paper pixel by pixel and the elemental concentrations in the pixels were calculated to map the concentration changes 
in the pixels as a function of the distance between the pixel position and the origin of the solution. The resulting maps 
demonstrated the solution diffusions in two cases indeed well following the diffusion laws, a steady-state diffusion 
dominated process where the elemental concentration was a linear function with the distance but joined by other non-
diffusion factors for case 1, and a pure diffusion process where the elemental concentration was an error function with 
the distance for case 2. 

Keywords: capillary microbeam, particle induced X-ray emission (PIXE), mapping, diffusion, potassium permanganate 
(KMnO4) solution, paper     

Irradiation of (111) -caf2 using a modernized beamline in Uppsala  

Ström P1, Sekula F1,2, Tran T1, and Primetzhofer D1,3 
1Department of Physics and Astronomy, Uppsala University, Sweden, 2Department of Physical Engineering, Brno 
University of Technology, Czech Republic, 3Tandem Laboratory, Uppsala University, Sweden 

An overview of the irradiation beamline setup at Uppsala University’s 5 MV pelletron tandem accelerator laboratory is 
presented and recent modifications are highlighted. An overview of the beamline is shown along with the sample 
transportation system using a magazine able to accommodate up to 20 samples for automated irradiation sequences. 
Samples up to 10x10 cm2 can be mounted. The specifications of the raster scanner unit are given along with a summary 
of available projectiles from H to Au, energies from 1 to 50 MeV (the higher end of the range for heavy ions) and charge 
states from 1+ to 25+, scanned over areas of between approximately 1 and 140 cm2. Ion fluences from 109 cm-2 to 
1016 cm-2 can be achieved within a reasonable time. Potential applications of the beamline include high energy 
implantations, nanostructure and ion track formation e.g. engineered nanopores mimicking the function of channels in 
biological membranes, resilience tests of electronics for radiation-rich environments and space applications as well as 
material modification on the nanoscale affecting optical and electromagnetic properties of thin films, nanodots and 
nanowires. 

The first project carried out at the new beamline consists of irradiation experiments on single crystal CaF2 samples with 
the aim to investigate formation of nanohillocks for yet unexplored combinations of projectile charge state and energy. 
Hillocks have been observed after irradiation of CaF2 with heavy ions at energies around 100 MeV [1]. It has also been 
shown that a threshold for hillock formation exists near charge state 20+ for 5 MeV Xe and near 25+ for 3 MeV Xe [2]. 
For 180 MeV Au projectiles in charge state equilibrium, on the other hand, clusters in the size range of several nm are 
ejected from the material [3]. The present work treats heavy ion irradiation at energies from a few to tens of MeV, and 
charge states from 1+ to 13+. 

[1]  E. Gruber, P. Salou, L. Bergen, M. El Kharrazi et al., J. Phys.: Condens. Matter 28 (2016), 405001. 
[2]  Y.Y. Wang, C. Grygiel, C. Dufour, J.R. Sun et al., Sci. Rep. 4 (2014), 5742. 
[3]  I. Alencar, M. Hatori, G.G. Marmitt, H. Trombini et al., Appl. Surf. Sci. 537 (2021), 147821. 
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Use of PIXE in sequence with Direct Analyte-Probed Nanoextraction Liquid Chromatography Mass Spectrometry 
(DAPNe-LC-MS) to co-locate elemental and lipid biomarkers in single tissue sections 

Holly-May Lewis1, Veronique Dartois2, Firat Kaya2, Catia Costa1, Janella de Jesus1, Roger Webb1, Melanie Bailey1 

1 University of Surrey, UK, 2 New Jersey Medical School, USA 

Aim/Introduction: 

Direct analyte-probed nano-extraction (DAPNe) is a technique that allows spatially resolved analysis of intact lipids 
and drugs in biological samples. DAPNe is complementary to mass spectrometry imaging approaches such as SIMS, 
due to it being decoupled from the mass spectrometer.  In DAPNe, a capillary tip filled with solvent is positioned on 
the tissue surface. The solvent is injected onto the sample, the analytes dissolved, and then the solvent was re-
aspirated into the tip.  Following sample extraction, it is possible to use liquid chromatography coupled to mass 
spectrometry (LC-MS) to separate molecular species prior to ionisation, reducing ion suppression effects and 
increasing sensitivity.  Although DAPNe-LC-MS gives spatially resolved molecular information, no elemental information 
is given. This presentation demonstrates the complementary use of PIXE and DAPNe-LC-MS to gain both elemental 
and molecular information from the same tissue sample. 

Experimental/Results: 

DAPNe-LC-MS and PIXE imaging (2.5 MeV proton beam, focussed to 2 x 2 microns) were applied to sequential sections 
of rabbit lung tissue containing a lesion called a granuloma.  The animals were infected with tuberculosis and treated 
with the drug bedaquiline. For DAPNe-LC-MS, 3 replicate samples were extracted from 4 pathologically distinct regions 
of the granuloma tissue.   

PIXE mapping revealed elemental contrast corresponding to the four granuloma regions, including concentric bands of 
Fe and Br.  DAPNe-LC-MS demonstrated that the bromine could originate from the anti-TB drug bedaquiline, whilst the 
Br PIXE map gives an artefact-free image of its distribution in the tissue.  DAPNe-LC-MS allowed determination of lipid 
profiles from the region high in Fe, allowing the co-location of Fe and lipid markers.  As Fe overload is known to damage 
lipid membranes due to oxidative stress, the co-location of Fe and lipid markers is desirable to obtain a deeper 
understanding of the mechanisms at work. Additionally, sequential PIXE imaging following DAPNe showed no evidence 
of delocalisation of elemental species.  

Conclusions: 

DAPNe-LC-MS can be used in sequence with PIXE imaging to co-locate elemental and lipid biomarkers.  When used in 
combination, sequential DAPNe-PIXE can be used to provide artefact free images of drug molecules in tissues and 
understand the relationship between lipids and Fe in biological tissues. 

Sequential Ion Beam Analysis (IBA) and Secondary Ion Mass Spectrometry (SIMS) imaging 

Catia Costa1, Janella de Jesus2, and Melanie J Bailey3 
1Surrey Ion Beam Centre, University of Surrey, UK, B Dept. Chemistry, University of Surrey, UK 

Studying the spatial distribution of elements and molecules is critical in many fields.  In biology and medicine, 
understanding the elemental and molecular landscape of biological samples (e.g. tissue sections) can provide vital 
information about disease state and ultimately assist in the development and/or improvement of treatments. As it 
stands, no single technique can provide elemental and molecular information from a tissue section. Some 
approaches have looked at performing the two measurements on sequential tissue sections, but this poses problem 
with co-registration as tissue are not homogeneous at depth – two sequential sections may look different. Many 
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elemental and molecular analysis techniques are available, but here we report on the exploration of sequential ion 
beam analysis (IBA) and secondary ion mass spectrometry (SIMS).   

SIMS imaging offers excellent spatial resolution (<1 μm) and can tap into both the elemental and molecular imaging 
realms. However, SIMS measurements suffer from matrix effects which cause artefacts in both images and depth 
profiles. IBA techniques have advantages over other elemental techniques due to their high sensitivity, spatial 
resolution (<1 μm), quantitative power and lack of matrix effects.  

The juxtaposition of IBA with SIMS offers a unique approach for multimodal imaging of elemental and molecular 
markers on biological samples, namely tissue sections. The simultaneous employment of both RBS and PIXE (known 
as total-IBA) will elucidate the composition of the sample at depth which can in turn be used to correct SIMS mass 
spectral data to give artefact free images (matrix effect correction) and depth profiles. Sequential IBA and SIMS 
imaging experiments can provide a new level of information, bridging the elemental and molecular knowledge that no 
technique can produce on its own. The similar imaging resolution of the techniques will permit the accurate co-
localisation of elemental and molecular markers at the micron scale.  

Here we (1) explore the suitability of PET frame slides for SIMS imaging experiments (previously reported in the 
literature as suitable for IBA) and (2) investigate the appropriate workflow for the sequential measurements (IBA > 
SIMS or SIMS > IBA). Figure 1 below shows the SIMS ion image of a molecule detected from a tissue section 
mounted on a PET substrate, demonstrating the suitability of the substrate for these types of analysis.  

 
Fig. 1. Map of [C2H6N2]+ obtained using SIMS from a tissue section mounted on a PET substrate. 

Effect of SHI irradiation and high temperature annealing on the microstructure of SiC implanted with Ag 

H A A Abdelbagi1,2, V A Skuratov3,4, S A Adeojo1,5, T M Mohlala1, T T Hlatshwayo1, and J B Malherbe1 
1Physics Department, University of Pretoria, South Africa, 2Departmentof Physics, Shendi University, Sudan, 3NationaL

Research Nuclear University MEPhI, Russia, 4Joint Institute for Nuclear Research, Russia, 5Obafemi Awolowo University, 
Nigeria 

Scanning electron microscopy (SEM), Raman spectroscopy and Rutherford backscattering spectrometry (RBS) were 
used to study the influence of swift heavy ion (SHI) irradiation and annealing on the microstructure of polycrystalline 
SiC implanted with silver (Ag). Polycrystalline SiC specimens were first implanted with 360 keV Ag+ ions at room 

temperature (RT) to a fluence of 2×1016cm-2. Thereafter, some of the implanted samples were irradiated with Xe 

ions of 167 MeV (SHI) at room temperature to a fluence of 3.4×1014 cm-2 and 8.4×1014 cm-2. Both the as-
implanted and implanted then irradiated samples were annealed in vacuum at temperatures ranging from 1100 to 

1400 oC in steps of 100 oC for 5 hours. Raman and SEM results showed that implantation of silver (Ag) resulted in 
complete amorphization of the near surface region of the SiC substrates. However, SHI irradiation of the as-implanted 
SiC resulted in partial recrystallization of the initially amorphized layer. The as-implanted samples exhibited more 
crystallinity after annealing at 1100 °C as compared to SHI irradiated samples annealed at same conditions. This 
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poor recrystallization of the SHI irradiated SiC samples was due to the amount of impurities (i.e. concentration of 

Ag atoms) retained after annealing at 1100 oC. Raman and SEM results showed that annealing of the as-implanted 
samples at 1100 °C resulted in larger average crystal size compared to the SHI irradiated samples annealed in the 
same conditions. The intensity of the longitudinal optical (LO) phonon in Raman spectra increases with the increasing 
the average crystal sizes of SiC. 

Keywords: SHI, SiC, Microstructure. 

Multi-analytical study of XVII century leather wall coverings 

Massimo Chiari1, Cristina Cicero2, Morena Iorio3, Anna Mazzinghi1, Olga Russina4, Claudia Sadun4, Luca Tortora3,5, and 
Monia Vadrucci6 
1INFN-Florence and Department of Physics and Astronomy, University of Florence, Italy, 2Conservation and Restoration 
of Cultural Heritage, University of Rome “Tor Vergata”, Italy, 3INFN-Roma 3 and LASR3 Surface Analysis Laboratory 
Italy, 4Department of Chemistry, La Sapienza University of Rome, Italy, 5Department of Sciences, Roma Tre University, 
Italy, 6Development of Particle Accelerators and Medical Applications, ENEA Frascati, Italy 

Collagen based materials are frequently employed in the manufacturing of cultural heritage artefact [1]. Leather has 
been employed for numerous applications in the history of human mankind such as writing supports, book covers 
and clothes, but a very peculiar use of leather is its use as wallpaper to enrich stately buildings [2]. This application can 
be dated back to ancient times and still employed at least until the eighteenth century, when its use began a slow decline, 
being replaced by fabrics and then printed papers [3]. A very impressive use of leather wallpaper can be 
appreciated in the rooms of Palazzo Chigi of Ariccia (Rome), an ancient princely residence in the countryside of 
Rome, Italy. The walls of many rooms of the building are still enriched with decorated corams of the XVII century, 
commonly called “cordovani”, from the manufacturing arts imported to Cordoba, or “cuoridoro”, in Venice. The 
construction technique was quite laborious, involving the tanning of goat, sheep or calf skins, the coating of the surface 
in silver foil, the impression of designs and ornamental motifs with woodcut type molds, the gilding of some parts 
performed by mecca, the punching of unpainted surfaces and finally the painting with lacquers or with oily pigments 
[3]. 

The object of the present study concerns the analysis of the constituent elements of the pigments used in the 
decoration of “cordovani” of different Villa Chigi rooms in order to characterize the decoration process and provide 
a confirmation of the wallpaper origin. The main survey techniques used are Ion Beam Analysis (PIXE, PIGE and 
RBS) with in-air extracted 3 MeV protons and macro X-ray fluorescence (MA-XRF) performed at the LABEC laboratory 
of INFN in Florence, Italy, complemented with ToF-SIMS measurements carried out at the Surface Analysis Laboratory 
of INFN in Roma Tre University and energy dispersive X-ray diffraction (EDXD) analysis in the Department of Chemistry 
of La Sapienza University, in Rome, Italy. 

[1]  M. Agati, The manuscript book, a compendium of codicology, L’Erma di Bretschneider, Roma, 2017. 
[2]  M. Kite et al., Conservation of leather and related materials, Elsevier, Oxford, 2006. 
[3]  A. Contadini, in Arte veneziana e arte islamica: atti del Primo simposio internazionale sull'arte veneziana 

e l'arte islamica, edited by Grube E.J., Edizioni l’Altra Riva, Venice, 1989. 
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IBA approach to assess the uptake of copper complexes in cancer cells 

Bruno Marques1,2, Fernanda Marques1,3, Luís C Alves1,3, Isabel Correia1,4, João Costa Pessoa1,4, and Teresa Pinheiro1,2 
1Instituto Superior Técnico, Universidade de Lisboa, Portugal, 2Instituto de Bioengenharia e Biociências, Portugal, 
3Centro de Ciências e Tecnológias Nucleares, Portugal, 4Centro de Química Estrutural, Portugal 

Introduction: In the search for new compounds with antitumor activity, copper complexes have been developed and 
studied. Two Cu(II)-complexes with 1,10-phenanthroline derivatives showed interesting biological and physiological 
properties such as, DNA cleaving and cytotoxic activity in several cancer cells (1). Herein, the cellular uptake of copper 
in human prostate cancer cells (PC3) was assessed using IBA techniques. 

Materials and Methods: PC3 cells were seeded on 100 nm thick silicon nitride frames (Silson Ltd., UK), followed by 
treatment with the copper complexes CuPhen, 50 μM (C1) and CuMe2Phen, 5 μM (C2), and analyzed in vacuum in the 
nuclear microprobe at IST-CTN (Oxford Microbeams Ltd., UK). A 2.0 MeV, proton beam, of 100 pA, and spatial 
resolution ~3×4 μm2 was used (2). STIM, PIXE and RBS were used simultaneously to evaluate elemental 
compartmentalization and quantitation in single cells. Data acquisition, 2D mass and elemental maps, and elemental 
concentrations were carried out using OMDAQ 2007 software (2). Depth profiling information was extracted from the 
calculated beam energy loss with RBS using MORIA software (3). 

Results: Mass, physiological elements and Cu distribution in PC3 cells showed a significant uptake of Cu by PC3 cells 
treated with the two complexes, C1 and C2. 

STIM enabled to identify cellular compartments, especially the nucleus location which is associated with high P and K 
concentrations measured using PIXE and RBS. High Cu concentrations were measured in the cell nucleus for C1, 
whereas for C2 a more homogeneous distribution was observed. These features were also supported by depth profiling 
of Cu in the whole cell, using the RBS spectra. A three-layer model with a depth resolution of the order of 400 
nm/layer was considered. The model confirmed the uptake of Cu in PC3 cells treated with C1 and C2 complexes. The 
amount of Cu, in terms of number of counts detected, corrected for beam energy loss at different depths, was mainly 
associated to the inner layer, with lower counts at the two peripheral layers, suggesting that Cu is located inside the 
cell. In PC3 cells treated with C1 complex, the Cu counts were confined to the cell core corresponding to the cell 
nucleus while for C2 complex Cu distribution was found at the cell periphery, suggesting a different cellular target. 

Discussion and Conclusions: Overall, these studies using correlative IBA approach in single cells provided unique and 
complementary information on the biological effects of these Cu-complexes, and will contribute to shed more light onto 
the mechanisms and cellular targets towards their potential use as anticancer agents. 

[1] Nunes P, et al., Copper Complexes with 1,10-Phenanthroline Derivatives: Underlying Factors Affecting Their 
Cytotoxicity. Inorganic Chemistry 2020;59(13):9116–9134. DOI:10.1021/acs.inorgchem.0c00925. 

[2] Ribeiro N, et al., New Cu(II) complexes with pyrazolyl derived Schiff base ligands: Synthesis and biological 
evaluation. Journal of Inorganic Biochemistry. 2017;174:63-75. DOI:10.1016/j.jinorgbio.2017.05.011. 

[3] M.S. Vasco, et al., 3D map distribution of metallic nanoparticles in whole cells using MeV ion microscopy. J. 
Microscopy 2017;267:227-236. DOI:10.1111/jmi.12561. 
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Changes in the near-surface composition in EUROFER97 induced by thermal annealing studied by in-situ ToF-LEIS and 
AES  

Shams-Latifi J1, Ström P1, Pitthan E1, and Primetzhofer D1,2 
1 Department of Physics and Astronomy, Division of Applied Nuclear Physics, Uppsala University, Sweden, 2 Tandem 
Laboratory, Uppsala University, Sweden 

EUROFER97 is a reduced activation ferritic martensitic (RAFM) steel developed in Europe as a candidate material for 
structural components and parts of the first wall in future fusion devices [1]. We address a specific property of 
EUROFER97, namely the enrichment of alloying elements near the surface and grain boundaries after annealing.  Such 
enrichment may modify the rate at which the steel is eroded under plasma exposure and can thus affect the lifetime of 
plasma-facing components [2]. Enrichment due to both thermal segregation and preferential sputtering has previously 
been studied by different techniques such as ToF-RBS [3], ToF-MEIS, ToF-ERDA [4] and ESA-LEIS [5]. 

In this work, we employed the ToF-LEIS technique which is a surface-sensitive method with the ability to measure 
backscattered neutral particles in addition to the ions, providing a capability for near-surface depth-profiling. We used 
8 keV Ne+ projectiles to study in-situ the evolution of the near-surface composition after different temperature treatments. 
As a result, we detect a pronounced surface enrichment of W+Ta in a depth interval of approximately 1 nm thickness 
after annealing the sample up to 670°C for one hour. Additionally, we observe surface segregation of chromium and 
sulfur. Moreover, these results confirm the existence of tungsten diffusion/segregation dominancy in specific temperature 
regions in EUROFER97, suggested in an earlier study [2]. 

[1]  Pintsuk, G., Eberhard D., et al., European materials development: Results and perspective, Fusion Eng. and Des. 
146 (2019) 1300-1307.  

[2]  Ström, P. and Primetzhofer, D., In-situ measurement of diffusion and surface segregation of W and Ta in bare 
and W-coated EUROFER97 during thermal annealing. Nucl. Mater. and Energy 27 (2021) 100979. 

[3]  Mayer, M., Silva, T.F., et al., Tungsten surface enrichment in EUROFER and Fe-W model systems studied by high-
resolution time-of-flight rutherford backscattering spectroscopy. Nucl. Mater. and Energy 17 (2018) 147-151. 

[4]  Ström, P., Petersson, P., et al., Sputtering of polished EUROFER97 steel: Surface structure modification and 
enrichment with tungsten and tantalum. J. Nucl. Mater. 508 (2018) 139-146. 

[5]  Koslowski, H.R., Bhattacharyya, S.R., et al., Temperature-dependent in-situ LEIS measurement of W surface 
enrichment by 250 eV D sputtering of EUROFER. Nucl. Mater. and Energy 16 (2018) 181-190. 

Modification of 2D materials by ultra-low energy ion implantation 

Manuel Auge1, Felix Junge and Hans Hofs¨ass 

II. Institute of Physics, Germany 

The modification of 2D materials like graphene and transition metal dichalcogenides (TMDs) by ion implan- tation has special 
requirements regarding ion energy, ion energy spread, ion beam optics, sample preparation and electrical conductivity of the 
sample. Efficient substitutional incorporation of low energy ions into the graphene lattice requires energies below 50 eV [1]. 
In our study, a unique mass selected ion beam deposition system is used to incorporate ultra-low energy (ULE) ions into 
2D lattices (visualised in the picture below). Therefore, a 30 keV ion beam is guided through differential pumping stages and 
homogenized using a beam sweep. The beam is subsequently decelerated in a UHV chamber down to energies of as low as 10 
eV. With the help of focusing and defocusing lenses an area of severeal mm2 up to about 2.5 cm2 can be uniformly irradiated 
with beam currents in the range between hundreds of nA and a few A. The ion trajectories within the deceleration unit are 
simulated using SIMION 8.1 [2]. Up to now ion sources are available for isotopically pure beams of noble gases, B+, C+, 
N+, P+, Cr+, Mn+, Fe+, Se+, Mo+, Te+, W+ and Au+. Ion sources for rare earth elements, in particular Ce+, Nd+ and 
Gd+ are under development. The implanted areal concentration and elemental composition can be verified using 
Rutherford backscattering spectrometry (RBS) as well as proton induced X-ray emission (PIXE) on ULE ion implanted 
tetrahedral amorphous carbon (ta-C) films on Si substrates as test samples. For this purpose, we use an 860 keV He2+ 

beam and detect the backscattering events. The PIXE measurements are carried out using an external 2.5 MeV proton 
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beam. 

 

 

 

[1]  E. H. ̊Ahlgren, J. Kotakoski and A. V. Krasheninnikov, Phys. Rev. B 83 (2011), 115424 [2] 
D. Manura and D. Dahl, SIMION 8.1 Users manual, Adaptas Solutions (2008)24 

 

Particle emission from two-dimensional MoS2 induced by highly charged ion impact 

L. Skopinski, E. Pollmann, L. Breuer, M. Schleberger 

Fakultä t fü r Physik and CENIDE, Universitä t Duisburg-Essen, Germany  

Two-dimensional materials such as graphene or transition metal dichalcogenides have attracted much 
attention lately due to their huge potential for novel applications. However, they are also very interesting 
from a basic science point of view because their reduced dimensionality makes them ideal samples for 
studies in the field of ion-solid interaction. The irradiation with highly charged ions (HCIs) can be used to 
fabricate pores in freestanding single layers of MoS2, the diameter of which can be tuned via the potential 
energy of the primary ion [1] being applicable for DNA sequencing or desalination. However, for many attractive 
applications, e.g. in optoelectronics, the sample is supported by a substrate which plays an important role for 
the damage formation due to indirect sputtering [2] and has not yet been investigated experimentally in detail. 

Here we report on HCI induced damage of supported single layer MoS2. We used Au substrates to minimize 
potential sputtering of the substrate and analyzed the emission of secondary ions and atoms under 
irradiation. Using laser-assisted time of flight (ToF) mass spectrometry [3] the mass spectra are detected 
with different extraction delays allowing the transformation into a velocity or energy distribution. In Fig. 1a 
the signal de- pendence on the extraction delays is shown. The measured distributions have at least two 
contributions around 0.83 µs and 1.75 µs each. While the first at around 0.75 eV increases only slightly the 
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later contribution at ap- prox. 0.16 eV increases strongly with the potential energy and is therefore considered 
to be caused by potential sputtering (Fig. 1b). 
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Fig 1: Analysis of emitted neutral 98Mo particles sputtered by HCI impact from an two-dimensional MoS2 sample 
supported on an Au substrate. 

[1]  R. Kozubek et all. J. Phys. Chem. Lett. 10, 904-910 (2019) 
[2]  S. Kretschmer et all. ACS Appl. Mater. Interfaces 10, 30827-30836 (2018) 
[3]  L. Skopinski et al. Rev. Sci. Instrum., 92 (2021) 023909 

Characterization of titanium aluminum nitride films using low-energy ion scattering 

Wolf P M1, Neuß D2, Tran T T1, Pitthan E1, Hans M2, Schneider J M2, and Primetzhofer D1,3 
1Department of Physics and Astronomy, Uppsala University, Sweden, 2Materials Chemistry, RWTH Aachen 
University, Germany, 3Tandem Laboratory, Uppsala University, Sweden 

(Ti,Al)N is a metastable compound commonly used as hard coating on cutting and forming tools, which is limited 
by spinodal decomposition into AlN and TiN at temperatures higher than 860°C [1]. Here, we investigate the 
near-surface composition of (Ti,Al)N films at elevated temperatures both in ultra-high vacuum and in an 

oxygen atmosphere of 1.0×10-6 mbar. Using our Time-of-Flight Low-Energy Ion Scattering (ToF-LEIS) setup 
enables us to perform these investigations in-situ. The employed ToF-LEIS setup, capable of detecting both 
ions and neutrals, provides high surface sensitivity to study composition and structure of the outermost atomic 
layers by using ions with primary energies of 1-10 keV [2]. Supplementary in-situ Auger Electron Spectroscopy 
(AES) as well as ex-situ Rutherford Backscattering Spectrometry (RBS), Time-of-Flight Elastic Recoil Detection 
Analysis (ToF-ERDA), and Transmission Electron Microscopy (TEM) measurements complement the ToF-LEIS 
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results with additional information on composition, total areal densities, and structure of the films. (Ti,Al)N 
films, with a thickness of 3 µm, were grown on MgO (001) substrates by co-sputtering Ti and Al in reactive 
Ar/N2 atmosphere using a hybrid process [3]. 

Our results comprise a sub-nm depth characterization of the effects observed during annealing of (Ti,Al)N 
coating surfaces. ToF-LEIS and AES measurements confirm the formation of an Al-enriched surface layer 
starting at annealing temperatures of 650°C in high-vacuum, seen in the ToF-LEIS spectra (Fig. 1a) as a growth 
of the Al peak and a shift of the kinematic edge of Ti to lower energies which is plotted separately in Fig. 1b. 
At temperatures below 650°C, no change in the surface composition and structure is observed. Identical 

measurements after annealing a (Ti,Al)N film for 90 min at 850°C in 1.0×10-6 mbar of oxygen show similar 
behavior and no further subsurface oxidation of the sample. Together these results show the high stability of 
(Ti,Al)N towards both phase decomposition as well as oxidation and the analytical power of the here 
employed approach for characterization of phase transitions and reactions on the sub-nm depth scale of 
thin-film surfaces. 

 

 

Fig. 1: (a) Energy spectra of 6 keV He+ ions scattered from the sample surface before annealing and after each 
annealing step. (b) Shift of the Ti edge position determined by fitting the Ti edge by an error function. Starting from 
650°C a shift towards lower energies is observed that together with the growing Al peak indicates the formation of 
an Al-enriched surface layer. 

[1]   P. H. Mayrhofer et al., Appl. Phys. Let., 83, 2049, 2003. 
[2]   M. Draxler et al., Nucl. Inst. Meth. B, 203, 218–224, 2003. 
[3]   G. Greczynski et al., J. Appl. Phys., 121, 171907, 2017. 

Growth of Au-nanoparticles by ion implantation  

N Catarino1, A Ribeiro2, M Dias1, M Peres1,2 , J Borges3 , F Vaz3 , and E Alves1  
1Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Universidade de Lisboa, Portugal, 2INESC-
MN, Instituto Superior Técnico, Portugal, 3Centro de Física, Universidade do Minho, Campus de Gualtar, 
Portugal  

The potential of Gold nanoparticles (NPs) as biosensors is being widely explored in several fields like 
biology, medicine, chemistry and physics. The applications in chemical and bio-sensing, phototherapy of 
tumours, nanoscopy and optical imaging are among the most relevant. In this work, we use ion implantation 
technology to produce Au-nano particles in TiO2 dielectric layers in a controlled way. Titanium Dioxide films 
with different thicknesses were deposited by direct current magnetron sputtering method in silicon and glass 
(for optical studies) substrates. The Au ions with multiple energies were implanted with different fluences to 
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produce a box like profile. The energies used were 50 keV and 150 keV with fluences in the range 1 × 1016 
to 2 × 1017 ions/cm2 . After implantation the samples were submitted to annealing in air at 500 oC for 15 
min. Depth profiles were studied with Rutherford Backscattering Spectrometry (RBS) before and after 
annealing. The results do not show significant changes on the Au profile at this temperature. XRD analysis 
shows the presence of pure (111) Au diffraction peaks confirming the formation of Au particles after 
annealing. The samples were also analysed using SEM to get a better understanding of the size and 
distribution of the formed NPs, fig.1, and absorption spectroscopy to characterize the plasmon emission. 
Fig.1. SEM micrograph of the Au:TiO2 films in a Si substrate implanted with two different energies, 50 keV 
and 150 keV and a fluence of 1x1016 at/cm2 annealed at 500 °C, using in-lens secondary electrons. 

Investigating hydrogen storage materials with ion beams - recent developments 

K Komander, J Bylin, G K Pálsson, M Wolff, and D Primetzhofer 

Department of Physics and Astronomy, Uppsala University, Sweden 

Metal hydrides represent a promising class of materials for reversible solid-state storage of hydrogen for 
energy applications [1]. Hydrogen atoms absorbed from molecular gas (H2) occupy distinct octahedral or 
tetrahedral interstitial sites in crystalline early transition metals forming compounds existing as multi-phase 
systems (MHn). To meet requirements for applications, such as fast delivery at ambient temperatures and 
high absorption rates, nanostructures can be used to improve reaction kinetics and reduce the enthalpy of 
formation [2]. Another, class of materials recently gaining attention as potential storage materials are fully 
amorphous systems based on early transition metals. For both classes of systems, energetic ion beams 
provide means to assess concentration and spatial distribution in real space. 

Real space location of hydrogen sites in single crystalline two-dimensional superstructures is achieved by 
15N(6.6MeV)-ion channelling in combination with 1H(15N, αγ)12C nuclear reaction analysis. The detection of 
characteristic γ emission discloses absolute hydrogen concentration and relative lattice location when 
measurements are performed angular-resolved. Detection of elastically backscattered ions allows not only 
identification of heavy matrix elements, and alignment towards crystallographic axes, but also exploration of 
hydrogen induced lattice expansion [3] and changes in the electronic           stopping cross section. Monte-
Carlo simulations of ion trajectories verify the exact location and reveal for the first time thermal vibrational 
amplitudes of subsurface hydrogen [4]. The effect of elastic boundaries, finite size and proximity on the site 
occupancy and phase formation of metal hydrides, e.g. vanadium, is studied on the nanoscopic to atomic 
scale. 

In parallel, in an effort to improve accuracy, we have assessed the accuracy of Bragg’s rule predicting the 
stopping power of transition metal hydrides. This quantity, which is necessary for quantification in the above-
mentioned ion-beam based studies has to the best of our knowledge, not been quantified directly for such 
systems. At the same time, the extraordinarily high solubility of hydrogen in certain compounds based on 
early transition metals may challenge theoretical or semi-empirical predictions. 

[1]  L. Schlapbach, A. Züttel, Nature 414, 353 (2001). 
[2]   V. Bérubé, G. Radtke, M. Dresselhaus, G. Chen, Int. J. Energy Res. 31, 637 (2007).  
[3]  K. Komander, M. Moro, J. Saha, M. Wolff, D. Primetzhofer, Nucl. Inst. and Meth. B 486, 63 

(2021). 
[4]  K. Komander, T. Tran , J. Saha , M. V. Moro , G. K. Pálsson, M. Wolff, D. Primetzhofer, (in press), 

Interstitial Hydrogen in Fe/V Superstructures: Lattice Site Location and Thermal Vibration, Phys. 
Rev. Lett. (2021). 
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IAEA-driven ion beam research and development 

Aliz Simon  

International Atomic Energy Agency, Division of Physical and Chemical Sciences, Vienna International 
Centre, Austria 

The IAEA Physics Section is pursuing efforts on utilizing ion beam accelerators to support fundamental and 
applied research, as well as provide education and training world-wide.  

The main field of accelerator applications are materials science, environmental science, heritage science 
and forensic science. There are various tools and mechanisms to foster accelerator science and technology, 
knowledge transfer and knowledge sharing with the scientific community, stakeholders and the public. 
Through the IAEA Technical Cooperation projects, we are assisting developing Member States in creating 
new installations and upgrading/advancing accelerator-based analytical techniques.  

As a main hub of accelerator scientists, the IAEA Accelerator Knowledge Portal serves the scientific and 
industrial community with various accelerator databases and specialized topical pages and workspaces.  

The talk will give an insight of the IAEA Physics Section programmatic priorities and key activities with 
special emphasis on how to enhance the involvement and collaborations with the IAEA.   

[1]  IAEA Accelerator Knowledge Portal: https://nucleus.iaea.org/sites/accelerators/   

Charge state dependence of the damage onset depth in self-irradiated ge 

Ström P, Tran T, and Primetzhofer D 

Department of Physics and Astronomy, Applied Nuclear Physics, Uppsala University, Sweden 

We recently investigated the dependence of the energy loss experienced by heavy ions passing through this 
self-supporting foils on the initial ion charge state [1]. It is well known that the stopping power exhibits a 
charge state dependence [2,3] and scales approximately with q2 [4]. Together with a model for the electron 
exchange between target and projectile, the energy loss could be used to draw conclusions about the length 
scale over which charge state equilibration occurs for projectiles with different velocities. In this contribution, 
we present the next logical step of the investigation; using the charge state dependence of the stopping power 
for heavy ions in the MeV range to affect the modification of an irradiated material. 

Germanium samples are self-irradiated with ions in low charge states at intermediate energy (e.g. 2.5 MeV 
74Ge+) both directly and through foils of C and/or Au with a few tens of nm thickness. Charge state equilibration 
of the irradiating ions thus happens either in the foil or in the sample, with different damage onset depths as 
a result. Possible applications for creation of embedded nanostructures in single- or multilayer material 
systems are discussed. 

References 

[1]  P. Ström, D. Primetzhofer, Phys. Rev. A 103 (2021), 022803. 
[2] J.I. Juaristi, A. Arnau, P.M. Echenique, Phys. Rev. Lett. 82 (1999), 1048. 
[3]  Y. Mu, A. Burenkov, H. Ryssel, Y. Xia et al., NIMB 164-165 (2000) 272. 
[4]  J.M. Anthony, Phys. Rev. A 25 (1982), 1868. 
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Differential Cross-section Measurements for euteron Elastic Scattering on 115𝑩𝑩 Elastic Scattering on 115𝑩𝑩

T Tsakiris1, D Cosic3, N Dimitrakopoulos1, M Kokkoris1, M Krmpotić3, A Lagoyannis2, F Maragkos1, G 

Provatas3, and A Ziagkova1 

1Department of Physics, National Technical University of Athens, Greece, 2Tandem Accelerator Laboratory, 

Institute of Nuclear and Particle Physics, Greece, 3Division of Experimental Physics, Ruđer Bošković Institute, 
Croatia 

The implementation of Boron in several fields, such as in the creation of p-type semiconductors in 
electronics and in neutron shielding in nuclear reactor cladding has created the need for the accurate 
quantitative determination of its depth profile concentrations in near surface layers of various matrices. In 
the framework of IBA techniques a combination of Elastic Backscattering Spectroscopy (EBS) along with 
Nuclear Reaction Analysis (NRA) has been proposed in order to address the current needs for Boron depth 
profiling, focusing on the use of proton beams. Deuteron beams however offer superior mass resolution with 
similar stopping power values. Unfortunately, the lack of experimental datasets concerning the deuteron 
elastic scattering on Boron impedes their use. 

Thus, in the present work, the first set of measurements for the 11B(d,d0) differential cross sections covering 

the Ed,lab=1300-1860 energy range for the backscattering angles of 150ο, 160ο and 170ο were carried out. 
The study was conducted at the 5.5 MV Tandem Accelerator of the Institute of Nuclear and Particle Physics, 
in the National Center of Scientific Research “Demokritos”, Athens, Greece. The target was a thin, self-

supporting aluminum foil, upon which a thin natB (isotopic ratio: 11B 80.1%, 10B 19.1%) layer was 
deposited using the sputtering technique at RBI, Zagreb, Croatia, followed by the evaporation of an ultra-
thin layer of Au on top for normalization purposes. The outgoing particles were detected using silicon surface 
barrier detectors and the differential cross sections for elastic scattering were determined from the resulting 
spectra via the relative technique. This work completes a comprehensive study of d-EBS on almost all the highly 
abundant natural light isotopes performed by our group during the last four years. The whole effort aimed 
at creating a considerable amount of reliable, differential cross-section datasets for subsequent use in 
analytical applications by the Ion Beam Analysis community. 

Differential Cross–Section Measurements for 3He Elastic Scattering on  
𝟏𝟏𝟏𝟏
𝟖𝟖
𝑶𝑶 and 

𝟐𝟐𝟐𝟐
𝟖𝟖𝟏𝟏𝟖𝟖

𝑨𝑨𝑨𝑨 

F Maragkos1, K Bosbotinis1, D Cosic2, S Fazinić2, V Foteinou3, M Kokkoris1, M Krmpotić2, N Patronis4, G. 
Provatas2, E Taimpiri1, and T Tsakiris1 
1Department of Physics, National Technical University of Athens, Greece, 2Division of Experimental Physics, 
Ruđer Bošković Institute, Croatia, 3Ruhr University Bochum, Central Unit for Ion Beams and Radionuclides 
(RUBION), Germany, 4Department of Physics, University of Ioannina, Greece 

The excellent properties of aluminum, in particular its low weight, its corrosion resistance, its superb thermal 
and electrical conductivity and its non–toxicity have established it as one of the most widely used metals in 
the industrial and technological fields, with applications ranging from the construction of automobiles, 
airplanes and spacecrafts, to its use in transformers, capacitors and conductors. The presence of oxygen 
in samples on the other hand, while not always intentional, is usually expected due to its prevalence in the 
Earth’s atmosphere and crust. In addition, aluminum oxide is a very common catalyst in industrial processes. 

Thus, least–destructive methods that permit the accurate quantitative determination of 27Al and 16O depth 
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profile concentrations in near surface layers of various matrices are highly desirable. Ion Beam Analysis fulfills 
these requirements via a combination of the Elastic Backscattering Spectroscopy (EBS) and Nuclear Reaction 

Analysis (NRA) techniques, mainly with a proton or deuteron beam. A 3He beam, however, constitutes a valid 
alternative, as it offers superior mass resolution and its use is not accompanied by the high emmission of 
neutrons, as is the case of deuterons. Nevertheless, its implementation is currently impeded by the 
corresponding lack of accurate experimental and evaluated differential cross–section datasets. 

In the present work, a set of measurements has been carried out for the determination of the differential cross 

sections of the elastic scattering of 3He on 27Al and 16O at 4 backscattering angles (namely at 135o, 

145o, 157.7o and 165o). The measurements covered the E3He,lab=3500–5600 keV energy range with a 
~100 keV energy step and they were carried out at the Ruder Boskovic Institute (RBI) Tandem Accelerator 
Facility, Zagreb, Croatia, employing four silicon surface barrier (SSB) detectors. The target was constructed at 

RBI and consisted of three layers, a thin self–supporting aluminum foil, upon which a thin natB (isotopic 

ratio: 11B 80.1%, 10B 19.1%) layer, along with 12C and 16O contaminants were deposited using the 
sputtering technique, followed by the evaporation of an ultra–thin layer of Au on top for normalization 
purposes. The experimental method used, along with the determined differential cross– section values and the 
comparisons with already existing datasets from literature are presented in detail. 

Current status of the external beamline at the microanalytical center of the jožef stefan institute 

K Isaković1, M Petric2,3, Z Rupnik2, Ž. Šmit2,4, P Pelicon2, M Kelemen1,2, M Vereš2, P Pongrac2,5, P Vavpetič2, and 
M Kavčič2,4 
1Jožef Stefan International Postgraduate School, Slovenia, 2Jožef Stefan Institute, Slovenia, 3Faculty of 
Geotechnical Engineering, University of Zagreb, Croatia, 4Faculty of Mathematics and Physics, University of 
Ljubljana, Slovenia, 5Biotechnical Faculty, University of Ljubljana, Slovenia 

At the Microanalytical Center of the Jožef Stefan Institute in Ljubljana, external beamline has so far been mainly 
used for in-air PIXE archaeometry studies utilizing point analysis with a broad (∼ 1 mm) proton beam [1]. 
Recently, we have been aiming to extend the capabilities of the set-up by significantly increasing the scanning 
area to ∼1x1 cm2 and achieving a sub 100 µm lateral resolution. In this work, the recent upgrade of the existing 
external beamline is presented. First, a doublet of magnetic quadrupole lenses was installed on the beamline. 
The exit nozzle was redesigned to accommodate an ultrathin 200 nm Si3N4 foil, optimize the detection 
geometry and minimize the sample-exit window working distance. With this upgrade, a focused beam was 
achieved with a lateral resolution of ∼50x50 µm2. Additionally, in-vacuum beam chopper was installed which 
allowed for measurement of the proton dose on the sample.  

The results of characterization measurements are presented followed by the first application from the field of 
biology, namely quantitative concentration maps of a longitudinal section of a whole thick wheat grain. 

[1]  Ž. Šmit, B. Maroti, Z. Kasztovszky, A. Semrov, P. Kos, Archaeological and Anthropological Sciences 12, 
2020, p.81. 
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Linear energy transfer (LET) spectroscopy and relative biological effect estimation by SiC-based dosimeter for 
clinical carbon beam therapy field 

Kohei Yamaguchi1, Rio Yanagisawa1, Kohei Ohsaki1, Yuya Ohki1, Akihiko Matsumura1, 
Makoto Sakai1, Takahiro Makino2, Takeshi Ohshima2, and Wataru Kada1  
1Gunma University, Japan, 2 National Institutes for Quantum and Radiological Science and Technology (QST), 
Japan 

Measurement of linear energy transfer (LET) distributions is considered to become an important factor for quality 
control and assurance (QA/QC) for heavy-ion cancer therapy, where multiple species of ions are planned to be 
utilized for the next stage of treatment [1]. The conventional ionized chamber is not effective for LET 
measurement; thus, several types of energy-dispersive dosimeter are being studied, including Silicon SOIs [2]. 
Silicon is an advanced and reliable semiconductor in many aspects; however, its radiation tolerance is limited, 
and energy response is nonlinear if it is compared with water equivalent targets. To fulfill such a demand, wide-
bandgap semiconductors, where an ideal detection response with promising radiation hardness is expected, are 
studied to be utilized in the clinical cancer therapy field.  

In this study, we utilized a 4H-SiC Schottky barrier diode (SBD) for LET measurement in the clinical carbon 
therapy field. Several different thicknesses of epitaxial layers from 25, 69, and 170 µm of n-type were grown on 
4H SiC substrate (Cree, Inc) at Central Research Institute of Electric Power Industry (CRIEPI). LET distribution of 
clinical carbon beam was measured by the developed 4H SiC Schottky dosimeter at the clinical carbon therapy 
field at Gunma University Heavy Ion Medical Center (GHMC). Each LET spectrum had multiple peaks 
corresponding to carbon ions and their fragments for pristine carbon beams with an energy of 290 MeV/n. LET 
distribution measurement was not only demonstrated with pristine carbon but also Spread-out Bragg peak 
(SOBP) condition. It was confirmed that the LET distribution obtained by the measurement shifted to the high 
LET side as the water depth increased from the plateau region to the Bragg peak region for both cases. The 
distribution of relative biological effectiveness (RBE) was estimated from LET through LQ or MKM model [3]. 
Results suggested that SiC-based dosimeter is successful to be utilized detailed characterization of clinical 
carbon therapy field. 
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IBIC: ion beam induced charge, nanobeam technique mapping photodiode and micrometric devices assessing 
charge acquisition capability and uniformity 

P Couture1, G W Grime1, V Palitsin1, I Jayawardena2, M P A Nanayakkara2, and G Parisi3 
1Ion Beam Centre, Advanced Technology Institute, University of Surrey, UK, 2Advanced Technology Institute, 
University of Surrey, UK, 3Radiation and Medical Physics Group, Faculty of Engineering and Physical Sciences, 
University of Surrey, UK. 

Ion beam induced charge collection (IBIC) was developed in the 1990’s, mainly to analyse microelectronic 
devices, semiconductors, semi-insulating materials and light emitting diodes [3] with the capability to map 
leakage current effects [2]. This analysis technique measures the amount of induced charge collected from an 
ionisation event in the depletion layer of a junction  [1]. The ionisation is caused by an incident ion beam in the 
megaelectron volt range [2]. This approach can be used to image material defects, material damages and 
analyse the efficiency of charge detection [4]. 

In this study, a 2.5 MeV H+ beam with a diameter of 0.5m was used to analyse the features and damage of a 
Hamamatsu S1223-01 Full Spectrum Si Photodiode. Spectra were collected with an applied reverse bias of 
10V. Induced damage by exposure to H+ beam were mapped. Beam damage causes reduced contrast on the 
map due to the increase recombination, thus reducing the measured pulse height [5]. Diamond-based 
micrometric detector was exposed to 1.5 MeV He+ to assess the detector responsiveness. IBIC Maps showed 
the uniformity of the disperse charge across the detectors. Whereas for the PIN photodiode the charge efficiency 
varied significantly in time due to the exposure to an intense ion beam resulting in diffusion of the spectral peak 
towards lower energy, the diamond-based detector was much less affected by the exposure. This study leads to 
an interesting investigation of an organic semiconductor x-ray detector efficiency using IBIC. 

This work is supported by the studentships of M. P. A. Nanayakkara and G. Parisi. Student training projects 
beamtime funded by the EPSRC support for the UK National Ion Beam Centre. 

[1]  Angell, D. et al., (1989). Charge collection ion microscopy: Imaging of defects in semiconductors with a 
positive ion microbeam. Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms, 44(2), 172-178. 

[2]  Breese, et al., (2007). A review of ion beam induced charge microscopy. Nuclear Instruments and 
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 264(2), 345-
360. 

[3]  Vittone, E. (2004). Theory of ion beam induced charge measurement in semiconductor devices based 
on the Gunn's theorem. Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms, 219, 1043-1050. 

[4]  Simon, A., & Kalinka, G. (2005). Investigation of charge collection in a silicon PIN photodiode. Nuclear 
Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 
231(1-4), 507-512. 
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Atoms, 77(1-4), 332-338. 
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The new in-air millibeam-PIXE setup at the ATOMKI Tandetron accelerator 

Shafa Aljboor2, Máté Szarka1, Anikó Angyal1, Dávid Baranyai1, István Vajda1, Zita Szikszai1, István Rajta1, and 
Zsófia Kertész1 

1Hungarian Academy of Sciences, ATOMKI, Hungary, 2University of Debrecen, Faculty of Informatics, Debrecen, 
Hungary 

In the frame of an infrastructure development project, a new 2MV Tandetron accelerator was installed in 
ATOMKI, Debrecen in 2015 [1]. One of the first beamlines operational on the accelerator was the external 
millibeam. At that time it was used for the irradiation of different polymers and liquids [2].   

Recently, as part of the 2nd phase of the development, a compact, mobile PIXE measurement setup was installed 
at the external beamline. As a first step, the system was optimized for PIXE analysis of homogenous thin samples, 
e.g. aerosols on filters. The setup contains an X-ray detector cluster, 2 positioning lasers, a digital camera-
microscope, an X-Y precision stage, a Faraday cup and a measurement control and data acquisition system. By 
default, the detector cluster incorporates three 65mm2 SDD detectors with 12.5 micrometer Be window and one 
30 mm2 SDD with an ultra-thin SiN window equipped with a pair of permanent magnets. He flow can be introduced 
in front of the ultra-thin window detector, if needed. Occasionally, when the analysis requires, one or two SDD 
detectors are replaced with Si(Li) and/or HPGe detectors.  

The proton beam is extracted through a silicon nitride window of 200 nm thickness. Samples are placed 10 mm 
in front of the exit window. The beam size is 2 mm x 2 mm. The irradiation dose is measured by integrating the 
current on the Faraday cup placed behind the sample. In a 2 l/min He flow, the system enables the detection of 
X-rays down to 0.35 keV, i.e. elements down to N. Beam current used for the irradiation of aerosol samples varies 
between 10 and 50 nA, depending on the filter material. The filter samples are scanned in front of the beam (on 
a 1cm x 1cm area) in order to reduce the risk of possible degradation and to increase the analyzed area.   

Thanks to the huge solid angle (~0.15 Sr of each Be windowed SDD detector) of the system and the fast counting 
electronics, it is possible to collect enough information on a sample in much shorter time using lower beam 
currents than in conventional PIXE systems. Typical measurement time of an average aerosol samples is now 
reduced to 100-300 s.  

Results of the PIXE analysis of several SRMs and aerosol samples collected on different substrate materials (e.g. 
PTFE, polycarbonate, quartz) will also be presented.     

[1]  Rajta, István, et al. "Accelerator characterization of the new ion beam facility at MTA Atomki in 
Debrecen, Hungary." Nuclear Instruments and Methods in Physics Research Section A: Accelerators, 
Spectrometers, Detectors and Associated Equipment 880 (2018): 125-130. 

[2]  Huszánk, R., et al. "In-air proton beam irradiation induced radiolysis of methyl orange in aqueous 
solution." Radiation Physics and Chemistry 180 (2021): 109322. 

From ultra-short ion-pulses to the first picosecond ion pump-probe experiment 

L Kalkhoff, A Golombek , L Danzig, P Kucharczyk, and M Schleberger, K Sokolowski-Tinten, A Wucher and L 
Breuer 

Fakultät für Physik, Universität Duisburg-Essen, Germany 

Dynamics induced by an ion impact onto a solid surface are up to date mainly researched via theoretical 
modeling or computational simulation. These models infer that the microscopic non-equilibrium relaxation 
processes induced by the interaction of ion projectiles with solids occur on a (sub-)picosecond time scale, so 
that a suitable experimental access to these dynamics would involve an ultrafast pump-probe scheme with a 
corresponding time resolution. Such an experiment, however, is challenging since it requires the availability of 
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sufficiently short ion pulses as a pump in connection with a (usually laser based) ultrafast probe. The challenge 
is even enlarged by the fact that most technological applications of ion-surface interaction processes work at 
relatively low ion impact energies in the keV range, which makes the generation of sufficiently short pulses much 
more difficult than for high-energy ions. 

In the attempt to realize a short pulse ion source which could be used for such an enterprise, we first set up a 
strongly miniaturized device to generate laser-synchronized ion pulses via femtosecond laser photoionization of 
room temperature rare gas atoms. This way, we obtained an arrival time distribution of single Ar+ ions impinging 
onto a fast microchannel plate (MCP) detector surface at 2 keV energy with a width of 180 ps (FWHM). In a 
second step, we then cooled the neutral precursor atoms via a supersonic beam expansion and switched to 
neon as a precursor gas, since argon tends to extensive cluster formation in such an expansion. This way, we 
managed to determine arrival time distribution widths of 4-keV Ne+ ions down to 130 ps (FWHM). Even though 
this resides among the shortest ion pulses in the keV energy range presented to date, theoretical trajectory 
simulations [1] suggest that much shorter pulses should be generated under these conditions, thereby 
indicating that the measured width is probably determined by the limited time resolution of the ion detection 
system rather than the actual pulse width. We therefore modified the ion registration configuration to the use of 
a picosecond transient digitizer triggered by the ionizing laser pulse via a fast photodiode, where the full output 
pulse generated by the MCP for each impinging ion is recorded and the arrival time is determined for each pulse 
individually from the time bin at which half the peak intensity is reached. The arrival time distribution measured 
this way for 4 keV Ne+ ions exhibit a FWHM of 25 ps, which probably manifests the shortest ion pulse ever 
recorded but is still limited by the time resolution of the used ultrafast MCP detector. 

A significant further step towards an ion pump- optical probe experiment with sub-ps tunable delay is the 
construction of an optical delay line to compensate for the relatively long ion flight times of several ten 
nanoseconds. For the 4-keV Ne+ ions with a total flight time of about 20 ns described above, the delay line 
needs to exhibit a total length of the order of 10 m with <10 µm accuracy and stability. We have designed and 
characterized such a device, which combines a static folded delay line with a linear dynamically tunable line 
featuring <10 µm resolution. This way, the total delay between a first laser pulse generating the ions and a 
second pulse triggering a suitable probe scheme measuring a specific property of the irradiated solid can be 
tuned from 18 to 35 ns with picosecond resolution. Using two fast photodiodes along with the same registration 
system as described above, we show that the measured delay is stable within 10 ps (FWHM), where at least 
part of the measured width is still limited to the resolution of the used registration system. These results now 
open the door for an ultrafast time resolved study of surface properties which are modified by an ion impact. 

[1] P. Kucharczyk, A. Golombek, A. Wucher, Generation of ultrashort ion pulses in the keV range: Numerical 
simulations, Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms, 483 (2020) 41-49 

Modified hot filament hollow cathode ion source and its application to ultra-low energy ion implantation 

Felix Junge, Manuel Auge, and Hans Hofsäss 

II. Institute of Physics, Georg-August-University Göttingen, Germany 

Here, we describe the development of a new ion source that combines a hot filament hollow cath- ode source 
with a sputtering source. This combination makes it possible to provide ion beams of a wider range that 
previously could not be used due to respective high melting points and low vapor pressure of the needed 
elements. We demonstrate the sources viability for molybdenum, cobalt, niobium and the rare-earth element 
gadolinium. An implantation current of 20-900 nA on the sample, depending on the element, could be 
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achieved. Moreover, we experimentally prove that these ion beams are suitable for ultra-low energy (ULE) 
implantation into 2D materials like graphene and transition metal dichalcogenides (TMDs). Furthermore, 
computational studies were conducted to investigate the ion trajectories within the source using SIMION [1] and 
ion implantation into 2D materials. To quantitative investigate the implanted samples RBS and PIXE 
measurements were conducted. RBS was performed using a 860 keV He2+ beam and PIXE with a 2.5 MeV 
external proton beam. 
 

 

[1]   D. Manura and D. Dahl. Simion 8.1 users manual (adaptas solutions, llc, palmer, ma 
01069), 2008 

Analysis of Ion Beam Generated by a Duoplasmatron-type Ion Source for a Compact 100 keV Ion 
Microbeam System 

Yasuyuki Ishii, and Takeru Ohkubo 

National Institutes for Quantum and Radiological Science and Technology (QST), Japan 

Ion microbeam of energy range from hundreds of keV to several MeV, hereinafter referred to as 
“microbeam”, is a powerful tool for ion beam analysis and microfabrication. The microbeam has, so 
far, produced by the large ion microbeam system that consists of an accelerator, a beam line, and a 
focusing lens system, so that the ion microbeam system reaches to several tens of meters long. The 
large size is an obstacle when the system tries to be installed in an experimental room in universities 
and industries. Therefore, a compact MeV ion microbeam system is required to overcome the obstacle. 
As a first step of development of the microbeam system, a proto-type compact ion microbeam system 
with several hundreds of keV and about 1 m high, hereinafter referred to as “pIMB”, is under 
development at QST. 

pIMB consists of two devices: a dedicated duoplasmatron-type ion source and a two-stage 
acceleration lens. The ion source, hereinafter referred to as “Duoplasmatron”, has been developed to 
generate the low energy gas ion beam with a small diameter and small energy spread that is required 
to form ion microbeam through the two-stage acceleration lens. The two-stage acceleration lens is 
composed of the two types of acceleration lenses with similar structures each of which is one of the 
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electrostatic lenses. The formation of 120 keV hydrogen ion beam of 1.8 µm in diameter led us to 
confirm the effectiveness of pIMB1). However, the ion species of ion beam, which was generated by 
Duoplasmatron, had not been analyzed because the ion beam with different ion species but same 
charge states was focused on the same point with same beam diameter by the two-stage acceleration 
lens. The reason is that focusing force generated by the two-stage lenses is depend on only charge 
state of ion species but ion mass. 

In the next stage, the ion microbeam is used for irradiation of various samples. For the irradiation, the 
studies of generation ratio of ion species were needed because the penetration depth and irradiation 
effects of different ion species change into samples. 

In this study, the ion species of hydrogen ion beam, which was generated by another duoplasmatron 
with the same concept of Duoplasmatron that was developed for the studies to produce ion beam 
fitting to pIMB before the installation, were analyzed in a test bench with an analyzing magnet. The 
result showed that the ion beam was mainly comprised as diatomic hydrogen ion and triatomic 
hydrogen ion beams. The ratio of diatomic hydrogen ion to triatomic hydrogen ion was changed by 
controlling hydrogen gas pressure. The result indicated that ion microbeam with di- or tri- atomic ion 
beam was selectively irradiated into a sample. 

[1]   T. Ohkubo, and Y. Ishii, Physics Procedia 90 (2017) 79 – 84 

Jyväskylä multidetector RBS setup 

Jaakko Julin, Mikko Laitinen, and Timo Sajavaara 

University of Jyväskylä, Finland 

During 2020 the RBS setup of the Pelletron lab of the JYFL Accelerator Laboratory was upgraded by 
installation of 14 silicon detectors in annular backscattering geometry (θ = 160°), one movable 
detector (θ = 10° to 145°) in IBM geometry, see Fig. 1, and one detector measuring backscattering 
from rotating vane beam chopper. Such a setup makes it possible to combine the spectra of individual 
detectors into one, creating a virtual large solid angle detector, provided that the sample is 
perpendicular to the beam. The resulting combined spectra have great statistics, even from a relatively 
short measurement and a small total ion beam fluence.  This makes it possible to measure small 
amounts, down to 1 × 1014 at./cm2, of heavy elements with small statistical uncertainty and with the 
excellent quantitativity of RBS. 

The RBS setup was realized with identical Canberra PIPS detectors (PD50-11-300AM) and two 8-
channel CAEN preamplifiers (A1422) and digitizers (N6725). Data are collected in timestamped list-
mode. 

The individual detectors are calibrated with the help of a well known sample or samples, establishing a 
linear calibration independently for each detector. After this calibration, which accounts for differences 
in preamplifier gain and detector response, is established, the spectra may be summed simply by 
combining the list mode events, adding one channel width (< 2 keV) of randomness to prevent 
rebinning artefacts. The overall resolution in combined spectra is shown to be approximately 18 keV, 
while individual detectors have a resolution around 15 keV as fitted from a 2 MeV 4He backscattering 
spectra. 
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This presentation gives an overview of the setup, data acquisition and processing. Ex- amples of 
measurements that have been performed so far will be given, like those in Fig. 2, and the experiences 
of setting up and using the tool both for routine and more novel ion beam analysis will be discussed. 
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Fig. 1: The detector setup and the sample 
holder of the RBS sys- tem with the movable 
detector in the foregroup.  

Fig. 2: RBS histogram of a 240Pu sample mea- 
sured with a 2.4 MeV 4He beam. The spectra of 
14 detectors have been combined. 

A comparison of energy dispersive X-ray detectors for PIXE applications 

Geoffrey W Grime1, Vladimir Palitisin1 and Del Redfern2  
1University of Surrey Ion Beam Centre, UK, 2Hitachi Hightech Science America Inc., USA 

We present preliminary observations comparing the performance of three different energy- dispersive X-ray 
detectors as replacements for lithium-drifted silicon (Si-Li) detectors in PIXE analysis. The most commonly 
available substitute, the silicon drift detector (SDD) has a relatively restricted high energy efficiency meaning 
that emission lines from high Z elements, which are excited  efficiently by MeV protons, are not well detected. 

We compare spectra from three detectors with different characteristics (SDD of 0.5 mm thickness, SDD of 2 mm 
thickness, and a planar germanium detector) to investigate both the high energy efficiency and the effect of 
recoiling high energy protons on the dead-time and resolution. 

Measurement and simulation of deuterium supersaturation in tungsten surface due to low-energy ion irradiation 

Cong Li, Linping He, Hanjun Tu, and Liqun Shi 

Institute of Modern Physics, Fudan University, China 

Hydrogen isotope retention in the plasma-facing material is one of the current technical challenges for fusion-
based tokomak devices. Deuterium supersaturation (DS) in the tungsten surface not only causes deuterium 
bubble generation, but also leads to crack growth and disturbed fusion conditions. 

In this presentation, we have measured and compared the concentration of DS layer in tungsten which was 
irradiated at different temperature and fluence using Elastic Recoil Detection Analysis (ERDA), Nuclear Reaction 
Analysis (NRA) and Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS) (Fig.1). It was found that ERDA 
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with carbon as the incident particle could well characterize the concentration of DS layer (Fig.2) with higher 
depth resolution (<9 nm) and accuracy of measurement (<8%). The results were also analysed by first 
principles based on density functional theory and numerical simulation (Fig.3 and Fig.4). It is shown that the DS 
layer is resulted from the generation of deuterium-induced defects due to exposure of high-flux D particles and 
that the deuterium addition reduces the vacancy formation energy of tungsten greatly and it can even be 
generated spontaneously (Fig.3). According to the result of experiments and simulations, the DS layer 
concentration decreases substantially with increasing temperature (Fig.4) which is mainly due to a great 
decrease in ion induced- defect concentration caused by defect recombination under higher temperature. 

 

 

 

 

Fig.  1.  The  experiment  result  of  
different method of DS measurement.                                                         

Fig. 2. The D concentration profile of 
irradiated W measured by ERDA with C as 
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Tritium measurements by nuclear reaction analysis using 3He beam 

Kelemen1,2, S Markelj1, M Payet3, E Bernard3, M Lipoglavsek1, Cvetinovic1, C Grisolia3, and P Pelicon1 
1Jožef Stefan Institute, Slovenia, 2Jožef Stefan International Postgraduate School, Slovenia, 3CEA, IRFM, 
France 

Tritium (T) is a radionuclide very difficult to analyze because its chemical and physical characteristic. To 
investigate T in-situ directly on radioactive wastes coming from fusion or fission facilities, robust, sensitive 
and cost-effective analytical techniques are rather scarce, especially for low level waste management. An 
easy way to obtain spots of radioactivity in the field of dismantling is to use smears and proportional 
counters or Liquid Scintillation Counting technique (LSC). Following advices from Organisation for Economic 
Co-operation and Development (OECD)/Nuclear Energy Agency (NEA) working group, innovative procedures 
for T and other beta emitters are still required for decommissioning. 

Ion beam analysis methods are an  important tool in determination  of hydrogen isotope retention since ion 
beam analysis, in particular nuclear reaction analysis (NRA) and elastic recoil detection analysis methods 
(ERDA), are the only methods that can detect low amounts of hydrogen isotopes on a quantitative level. 

Due to the few ion beam methods available for T detection we want to develop a new NRA technique for 
tritium detection via the 3H(3He,d)4He nuclear reaction. This is analogue to the detection of D via the 
2H(3He,p)4He reaction commonly used in fusion research. Extensive literature search showed that there 
were only a few measurements done more than sixty years ago using the reaction with 3He. Their aim was 
mainly to measure the absolute cross section of the reaction. In order to use this reaction as an analysing 
tool for low level radioactive waste we need the differential cross section at certain angles. Using a thick 
tritiated W sample, developed especially for this purpose, we measured the NRA signal in the 3He energy 
range from 0.7 MeV to 5.1 MeV and we have detected reaction products with energies between 6.5 MeV and 
9.75 MeV that were not present on a deuterated W sample prepared in the same manner. This NRA signal 
proved to be due to deuterium and protons coming from the nuclear reaction between tritium and 3He. The 
detection signal increased with 3He energy up to 3.4 MeV and decreased with energy at the highest beam 
energies. At higher energies particles from W and target impurities start to disturb the measurement. Their 
origin might be due to other nuclear reactions, for example between 3He and W or 3He and 13C. Assuming a 
constant T concentration of 0.35 at. % down to 3.5 µm we deconvoluted a differential cross section for the 
3H(3He,d)4He reaction channel at 135o. 
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Multi-energetic Au ion implantation of graphene oxide, polyimide, polyetheretherketone and 
polyethyleneterephthalate  

P Malinsky1,2, J Novák1,2, E Stepanovska1,2, P Slepicka3, P Marvan4, Z Sofer4 , and A Mackova1,2  
1Institute of Nuclear Physics of CAS, Czech Republic, 2Department of 

Physics, Faculty of Science, J. E. Purkinje University, Czech Republic, 3Department of Solid State 
Engineering, University of Chemistry and Technology, Czech Republic, 4 Department of Inorganic Chemistry, 
University of Chemistry and Technology, Czech Republic  

Multi-energetic ion implantation was employed as a method for production of multilayer Au structures in 
insulating graphene oxide (GO) and polymers matrix. Graphene oxide (GO), polyimide (PI), 
polyetheretherketone (PEEK) and polyethyleneterephthalate (PET) were implanted using Au ions with three 
energies, 0.8, 1.6 and 3.2 MeV, in ascending and descending order to create two sets of samples. The used 
ion fluence was 3.75x1014 cm-2 . The Au depth profiles were determined by RBS and compared with 
simulated ones using SRIM code. The changes in structure and elemental composition of the irradiated area 
were characterized by Raman spectroscopy, X-ray Photoelectron Spectroscopy, Rutherford Back-scattering 
Spectroscopy and Elastic Recoil Detection Analysis spectroscopy. The surface morphology of the implanted 
samples was studied using AFM and SEM. The electrical properties of the structures were studied in relation 
to the used ion fluence, by standard two point method. We can conclude that the resulting electrical 
conductivity depends on the used ion fluence and type of insulating matrix. The research has been realized 
at the CANAM (Center of Accelerators and Nuclear Analytical Methods) infrastructure LM 2015056 and has 
been supported by project GACR 19-02482S. This publication was supported by OP RDE, MEYS, Czech 
Republic under the project CANAM OP. Eva S. was supported by project UJEP-SGS-2021-53-005-2. 

The application of ion beam analysis in the erosion properties of tungsten-based materials  

Hanjun Tu, Cong Li, and Liqun Shi 

Key Laboratory of Nuclear Physics and Ion-Beam Application, Institute of Modern Physics, Fudan University, 
China  

Tungsten (W) has been identified as the divertor material for ITER device due to its excellent properties such 
as high sputtering threshold energy and low hydrogen isotopes retention. However, tungsten has a strong 
chemical affinity with oxygen (O) and carbon (C), which could seriously affect the sputtering and retention 
properties of tungsten-based materials. Ion beam analysis (IBA) is an useful method to investigate the 
eroded thickness and fuel retention of tungsten-based materials. The erosion behavior and retention 
properties of WO3 irradiated by low energy deuterium (D) ion are investigated at different temperatures. We 
used 2.4 MeV He ions to analyze the W and O loss during ion irradiation. Significant W enrichment occurs on 
the surface of W, as revealed by RBS spectra (Fig. 1a). This phenomenon is also confirmed by X-ray 
photoelectron spectroscopy (XPS) analysis. Besides, the higher the temperatures, the high the level of W 
enrichment. W enrichment is due to the preferentially eroded of O by D ions. The amount of W and O eroded 
during irradiation could also be obtained from RBS spectra, and therefore, the corresponding W and O 
erosion yield could be calculated. When we would like to study the effects of low O impurity concentration on 
the erosion and D retention of W-based materials, it is necessary to accurately determine the O impurity 
depth profile in films which are prepared by magnetron sputtering. We used resonant scattering (6.6 MeV He 
ions) to measure O depth profile. The relative cross-sections near 6.6 MeV He ions are large so that it can 
measure the O impurity content as low as a few percent. The measured O depth profile could be seen from 
Fig. 1b and the O concentration profile change after irradiation could also be measured by this resonant 
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scattering. Moreover, 6.6 MeV He ions could simultaneously measure C and O concentration, which is 
benefical to fast determination of impurity concentration.  

 
Fig. 1(a) the backscattering spectra of W element under the irradiation temperature from 403 K to 758 K. The solid and 
dash lines represent the experimental and simulated lines, (b) the O concentration measured by 6.6 MeV He ions. 

Elemental analysis of aircraft engine smoke number filter samples with micro-PIXE  

K Saitoh1,2, A Fushimi2, S Matsuyama3, M Miwa3, S Toyama3 , Y Kikuchi3 , L Durdina4, J G Anet4, J Edebeli4, C 
Spirig4, and N Takegawa5  
1Environmental Science Analysis & Research Laboratory, Japan, 2National Institute for Environmental 
Studies, Japan, 3Department of Quantum Science and Energy Engineering, Tohoku University, Japan, 4Centre 
for Aviation, School of Engineering, Zurich University of Applied Sciences, Switzerland, 5Department of 
Chemistry, Graduate School of Science, Tokyo Metropolitan University, Japan  

Information on the physical and chemical composition of exhaust particles produced by jet engines is 
important for assessing the effects on the atmospheric environment by aircraft traveling both domestically 
and overseas. For the chemical composition, it is necessary to collect exhaust particles on a filter and 
perform chemical analysis, and it is considered that the elemental composition includes elements derived 
from jet engine fuel and lubrication oil, as well as wear particles such as turbine blades. Jet engine test 
facilities around the world measure smoke number (SN), which is a measure of exhaust plumes visibility of 
jet engine. The SN is measured using a Whatman 4 (cellulose type) filter paper, which is loaded with raw gas 
turbine exhaust of prescribed quantity. However, the SN filter have not been used for any chemical analysis. 
Focusing on this SN filters, we attempted to analyze the elemental composition by micro-PIXE. The smoke 
number filter samples were collected from in-service commercial aircraft turbine engines in the test cell at 
SRTechnics, Zurich airport in 2019 and 2020.The elemental composition analyses of the filter papersamples 
were carried out using two X-ray Si (Li) detectors microbeam PIXE system at Tohoku University [1]. The 
scanning area of the beam was set to 1×1 mm in the first step of the analysis process. For elemental map, 
analytical scanning area of the beam was set to 50 × 50 µm or 100 × 100 µm. The target beam current was 
120 pA and the total accumulated charge was 300 nC. Xray spectra were analyzed using the GeoPixe 
software (CSIRO Earth Science and Resource Engineering, Australia) [2]. In the analysis of X-ray spectra, the 
self-absorption of X-rays inside the filter paper samples has been corrected. The number of target elements 
was 18: Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn. The filters were grouped into two 
categories: high soot loading at high engine thrust(gray-colored) filter and low loading at low engine thrust 
filter (white-colored). Particles contained 16 elements, i.e., Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Fe, Ni, Cu 
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and Zn in a gray-colored filter. Mg, Al, Si, Cl and Ca account for 78% of the total element value. In the gray-
colored filter, particles containing Mg-Al-Si-S-K-CaFe can be seen the elemental maps (Fig. 1). Particles 
containing Si-Ca is also confirmed. On the other hand, from particles of a whitecolored filter, Na, Mg, Al, Si, 
Cl, Ca, Cr and Fe were detected, but no particles clumps like the gray-colored filter was found. Also, Al 
accounted for 90% of the total element value. Particles containing Mg-Al-Si-S-K-CaFe and the particles 
containing Si-Ca found in the gray-colored filer are considered to be derived from such as jet engine fuel and 
lubricating oil This work was supported by the Environment Research and Technology Development Fund 
(JPMEERF20205004) of the Ministry of the Environment, Japan. The work of the Swiss team was funded by 
the Swiss Federal Office of Civil Aviation (FOCA) projects AGEAIR SFLV 2017-030 and AGEAIR 2 SFLV 2018-
048.  

 

[1]  S. Matsuyama, The microbeam system at Tohoku University, Int. J. PIXE 25 (2015) 153–185. [2] 
C.G. Ryan, Developments in dynamic analysis for quantitative PIXE true elemental imaging, Nucl. 
Instr. Meth. B181 (2001) 170–179 
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New Methodology to Study the Charge Collection Efficiency of Microdetectors  by Means of the IBIC 
technique 

Diana Bachiller-Perea1,2*, Javier García López3,4, María del Carmen Jiménez-Ramos3, Faustino Gómez5, David 
Quirion6, Celeste Fleta6, Adrián García-Osuna3, and Consuelo Guardiola C1,2 
1Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France , 2Université de Paris, IJCLab, Orsay, France, 
3Centro Nacional de Aceleradores, Sevilla, Spain, 4Dep. de Física Atómica, Molecular y Nuclear, University of 
Sevilla, Spain, 5Dep. de Física de Partículas, Universidad de Santiago de Compostela, Spain, 6Centro 
Nacional de Microelectrónica (IMB-CNM, CSIC), Bellaterra, Spain 

In order to perform microdosimetric measurements which will allow to optimize proton therapy treatments, 
new silicon 3D-microdetectors with size and shape equivalent to those of human cells have been developed 
[1,2]. The charge collection efficiency (CCE) of these microdosimeters has been studied by means of the ion 
beam induced charge (IBIC) technique at the microprobe beamline of the Centro Nacional de Aceleradores 
(CNA, Seville, Spain). Two microdetectors with different thicknesses (10 μm and 20 μm) and a diameter of 
25 µm have been studied. In this work, a new methodology is proposed to solve the issues related to the 
non-negligible size of the microbeam in comparison to the size of the sensitive volume of the detectors, 
allowing to calculate the real CCE of the devices. Fig. 1 shows the 2D CCE-map and the CCE profile obtained 
for the 10 µm-thick microdetector. The results show that the CCE is 100% for radial distances up to 10.2 µm 
from the center of the device, and it rapidly decays between 10.2 µm and the detector edge. The 
characterization of the CCE conducted here will allow us to completely explain the energy spectra obtained 
during the microdosimetry studies performed in clinical centers. 

 

Fig 2. 2D CCE-map and CCE profile of the 10 µm-thick microdetector. 

[1]  C. Guardiola et al., J. Instrum., vol. 10, vol. 10, no. 1, 2015, Art. no. P01008. 
[2]  C. Guardiola et al., Appl. Phys. Lett., vol. 107, no. 2, 2015. Art. no. 023505. 

*Present address: Sorbonne Université, CNRS, Institut des NanoSciences de Paris, INSP, SAFIR, 75005 
Paris, France. 

Evaluation of functionalization strategies to facilitate multi-depth modifications of nanostructured oxides 

Swathi Naidu Vakamulla Raghu1 , Gabriel Onyenso,a Khajidkhand Chuluunbandi2 , Shiva Mohajernia1 , and 
Manuela S Killian1,2 
1Chemistry and Structure of novel Materials, University of Siegen, Germany, 2Surface Science and Corrosion, 
FAU Erlangen, Germany 

Metal-oxide surfaces have successfully been modified to elicit surface hydrophobicity via facile application 
of self-assembled monolayers (SAM) using phosphonic acid carbohydrate molecules. In this work, we shed 
light on the role of the functionalization technique used for surface-modification of zirconia nanotubes (ZrNT) 
and compare the influence on the extent of achievable hydrophobic-effect as a function of application 
technique, immersion in bulk solution (BI) and micro-contact printing (μCP), and additionally investigate the 
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role of molecular chain-length. ZrNTs were evaluated for their storage capacities augmented by modified 
surface reactivities via dye-release experiments aimed to simulate drug-release behaviour. The use of 
sequential functionalization strategies via BI and µCP bears a ‘proof of principle’ to create bifunctionalized 
nanostructures that are able to demonstrate multi-molecule and multi-depth modifications (Fig. 1a). Such 
systems would be capable of facilitating developmental strategies towards controlled multi-drug release 
models. The release of loaded drugs was investigated in various environments (Fig. 1b). Qualitative and 
quantitative evaluation of ZrNT surfaces modified via µCP and BI in SAM solutions was performed using static 
water-contact angle (WCA) measurements and XPS. ToF-SIMS depth-profiling analysis was used to offer 
insights into effective multi-functional depth modifications. 

 

[1] Raghu, S. N. V.; Chuluunbandi, K.; Killian, M. S. Zirconia Nanotube Coatings - UV-Resistant 
Superhydrophobic Surfaces. Surfaces and Interfaces 2021, 26, 101357. 
https://doi.org/10.1016/J.SURFIN.2021.101357 

[2] Vakamulla Raghu, S. N.; Killian, M. S. Wetting Behavior of Zirconia Nanotubes. RSC Adv. 2021, 11 
(47), 29585–29589. https://doi.org/10.1039/D1RA04751E. 

[3] Raghu, S.N.V.; Onyenso, G.; Mohajernia, S., Killian, M.S. Evaluation of functionalization strategies to 
facilitate multi-depth modifications of nanostructured oxides, submitted to Surface Sci 

Four segment Silicon Drift Detector for micro-PIXE covering a solid angle of 1 steradian 

Primož Pelicon1 , Mitja Kelemen1, Esther Punzon-Quijorna1 , Primož Vavpetič1 , Katarina Vogel-Mikuš1,2  , 
Matjaž Vencelj , Tilo Reinert3 , and Paula Pongrac1,2  
1Jožef Stefan Institute, Slovenia, 2Biotechnical Faculty, University of Ljubljana, Ljubljana, Slovenia, 3Max 
Planck Institute for Human Cognitive and Brain Sciences, Germany  

The performance of the elemental mapping of any materials by micro-PIXE is strongly determined by the 
solid angle of the X-ray detector(s) used. With coaxially shaped X-ray detectors, which are most frequently 
used for micro-PIXE, solid angles cover ranges from typically 0.05 to the extreme 0.4 steradian (sr). The 
compact annular detection geometry offers physically better possibilities, bringing the feasible solid angles 
to values exceeding 1 sr [1]. Here, the development and installation of a detector with an annular geometry 
(a four segmented Silicon Drift Detector, SDD) to the existing micro-PIXE end-station at JSI is presented. The 
annular SDD chip with four radially symmetric detection segments is sideways shielded within the tantalum 
housing, leaving the annular aperture with a diameter of 1.8 mm. We invested significant efforts in mutual 
optimization of the geometry together with the detector manufacturer to design an X-ray annular SDD, 
consisting of UHV positioning system that allows installation of the detector at the port observing the sample 
at 45 degree. The design embeds the four-segmented SDD chip on a 45- degree bended detector arm. A 
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thick Be window protects the crystal against the backscattered protons. The size of the annular aperture 
enables scans by beam deflection over a square field at the sample with maximum size of 1.4 x 1.4 mm2 . 
The acquisition of the signals has been integrated into the lateral mapping acquisition system at the 
microprobe. The detector is used at the typical acquisition rates of 1 to 3 kHz per segment, which introduces 
the feasible acquisition rates of 10 kHz. Featured the energy resolution of 130 eV and combined with 
recently upgraded OMDAQ acquisition system, it increases the speed of micro-PIXE elemental mapping for 
an order of magnitude. Several examples of tissue element mappings with the new annular SDD are 
presented, together with the efforts to process the data within the available PIXE mapping program packages 
[2]. The element mapping with the 1 sr SDD is available for users within the Transnational Access (TNA) 
programme of EU [3]. 

[1]  C. Ryan et al, Jour. Phys.: Conf. Ser. 499 (2014) 012002.  
[2]  C. Ryan et al, Internat. Jour. Imag. Syst. And Tech. 11 (2000), 219–230.  
[3]  TNA within EU H2020 project RADIATE (No. 824096). https://www.ionbeamcenters.eu 
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